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𝑜𝑢𝑡 °C Outlet temperature of cold stream 𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑇𝑟𝑒𝑓  - °C Temperature of the refrigerant at the ABC-Evaporator 

 𝑈𝑎𝑏𝑐𝑎   𝑈𝑝
𝑎𝑏𝑐𝑎  kW/m² °C 

Overall heat transfer coefficient of ABC-Absorber (during period 

𝑝 ∈ 𝑃) 

 𝑈𝑎𝑏𝑐𝑐   𝑈𝑝
𝑎𝑏𝑐𝑐  kW/m² °C 

Overall heat transfer coefficient of ABC-Condenser (during period 

𝑝 ∈ 𝑃) 

 𝑈𝑎𝑐𝑢   𝑈𝑝
𝑎𝑐𝑢  kW/m² °C 

Overall heat transfer coefficient of ORC-Condenser located in cold 

utility (during period 𝑝 ∈ 𝑃) 

 𝑈𝑖,𝑗,𝑘  𝑈𝑖,𝑗,𝑘,𝑝 kW/m² °C 

Overall heat transfer coefficient of heat exchanger between hot 

stream 𝑖 ∈ 𝐻𝑃 and cold stream 𝑗 ∈ 𝐶𝑃 at stage 𝑘 ∈ 𝑆𝑇 (during 

period 𝑝 ∈ 𝑃) 

 𝑈𝑖
𝑎𝑏𝑐𝑒   𝑈𝑖,𝑝

𝑎𝑏𝑐𝑒  kW/m² °C 
Overall heat transfer coefficient of ABC-Evaporator located in hot 

stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑈𝑖
𝑎𝑏𝑐𝑔

  𝑈𝑖,𝑝
𝑎𝑏𝑐𝑔

 kW/m² °C 
Overall heat transfer coefficient of ABC-Generator located in hot 

stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑈𝑖
𝑐𝑢  𝑈𝑖,𝑝

𝑐𝑢 kW/m² °C 
Overall heat transfer coefficient of heat exchanger between hot 

stream 𝑖 ∈ 𝐻𝑃 and cold utility (during period 𝑝 ∈ 𝑃) 

 𝑈𝑖
𝑒𝑣𝑎𝑝

  𝑈𝑖,𝑝
𝑒𝑣𝑎𝑝

 kW/m² °C 
Overall heat transfer coefficient of ORC-Evaporator located in hot 

stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑈𝑗
𝑐𝑜𝑛𝑑   𝑈𝑗,𝑝

𝑐𝑜𝑛𝑑  kW/m² °C 
Overall heat transfer coefficient of ORC-Condenser located in cold 

stream 𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑈𝑗
ℎ𝑢  𝑈𝑗,𝑝

ℎ𝑢 kW/m² °C 
Overall heat transfer coefficient of heat exchanger between cold 

stream 𝑗 ∈ 𝐶𝑃 and hot utility (during period 𝑝 ∈ 𝑃) 

 𝑤𝑝𝑢𝑚𝑝 - kJ/kg  Specific work required by the pump at the ORC cycle 

 𝑤𝑡𝑢𝑟𝑏 - kJ/kg  Specific work generated by the turbine at the ORC cycle 

 𝛽  - generic Cost exponent for a component 

 𝛽𝐻𝐸𝑁 - generic Cost exponent for the heat exchangers 

 𝛽𝑝𝑢𝑚𝑝  - generic Cost exponent for the ORC-Turbine 



 List of Symbols XI 

 𝛽𝑡𝑢𝑟𝑏 - generic Cost exponent for the ORC-Pump  

 Γ - °C Upper limit for the approach temperatures at the heat exchangers 

 Δ𝑇𝑚𝑖𝑛  - °C Minimum approach temperature permissible at a heat exchanger 

 Δ𝑇𝑚𝑖𝑛
𝐴𝐵𝐶   - °C 

Minimum approach temperature permissible between ABC 

working pair and process streams 

 Δ𝑇𝑚𝑖𝑛
𝐻𝐸𝑁  - °C 

Minimum approach temperature permissible between process 

streams 

 Δ𝑇𝑚𝑖𝑛
𝑂𝑅𝐶   - °C 

Minimum approach temperature permissible between ORC 

working fluid and process streams 

 𝜀𝑆𝐻𝐸𝑋 - - Effectiveness of the refrigerant solution heat exchanger 

 𝜆𝑐𝑜𝑛𝑑 - kJ/kg  
Latent heat of condensation of working fluid at the condenser 

pressure 

 𝜆𝑒𝑣𝑎𝑝 - kJ/kg  
Latent heat of evaporation of working fluid at the evaporator 

pressure 

 Ω - kW 
Upper limit for the Logarithmic mean temperature difference of the 

heat exchangers 

-  𝑐𝑓𝑖𝑥
𝑠𝑡𝑜  genric Fixed cost coefficient for the storage tanks 

-  𝑐𝑣𝑎𝑟
𝑠𝑡𝑜   generic Variable cost coefficient for the storage tanks 

-  𝑐𝑝𝑠𝑡  kJ/kg °C Average specific heat capacity of the storage fluid 

-  𝐷𝑂𝑃𝑝 h Duration of period in hours 

  ℎ𝑝𝑐  kJ/kg Specific enthalpy of phase change 

  𝑀𝑠𝑡  kg Storage mass 

  𝑁𝑂𝐿𝑉  - Number of storage levels 

  𝑁𝑂𝑃  - Number of periods of operation 

  𝑇𝑠𝑡  °C Storage temperature 

-  𝑈𝑖,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐  kW/m² °C 

Overall heat transfer coefficient of heat exchanger between hot 

stream 𝑖 ∈ 𝐻𝑃 and Cold Storage Stream at level 𝑙𝑣 ∈ 𝐿𝑉 during 

period 𝑝 ∈ 𝑃 

-  𝑈𝑗,𝑝,,𝑙𝑣
𝑠𝑡𝑜ℎ  kW/m² °C 

Overall heat transfer coefficient of heat exchanger between hot 

stream 𝑗 ∈ 𝐶𝑃 and Hot Storage Stream at level 𝑙𝑣 ∈ 𝐿𝑉 during 

period 𝑝 ∈ 𝑃 

-  𝛽𝑠𝑡𝑜  generic Cost exponent for the storage tanks 

-   𝛥𝐻𝑠𝑡   kJ Change of enthalpy of storage during charge or discharge 

-  𝜌𝑠𝑡 kg/m³ Density of storage fluid 

-  Ψ kW 
Upper limit to the energy rate transferred to the Storage Tanks in a 

period 

 

Variables 

Symbol   

Continuous Multi-period Units Meaning 

 𝐶2𝐺 - - 
Ratio between heat exchanger duties of ABC-Condenser and 

ABC-Generator 

 𝐶𝐴𝑃𝐸𝑋  - €/a Capital expenditure 
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 𝐶𝑂𝑃 - - 
Coefficient of Performance of ABC. Ratio between total heat 

exchanger duties of ABC-Evaporators and ABC-Generators 

 𝐶𝑂𝑃𝑒𝑙   - - 

Electrical coefficient of performance. Ratio between the cooling 

output at the evaporator and the electrical requirement of the 

solution pump 

 𝐶𝑂𝑃𝑉𝐶𝑅   - - 

Coefficient of Performance of VCR. Ratio between the cooling 

output at the evaporator and the electrical requirement of the 

compressor 

 𝑑𝑡1𝑎𝑏𝑐𝑎  𝑑𝑡1𝑝
𝑎𝑏𝑐𝑎 °C 

Approach temperature at the hot end of ABC-Absorber (during 

period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑎𝑏𝑐𝑐   𝑑𝑡1𝑝
𝑎𝑏𝑐𝑐  °C 

Approach temperature at the hot end of ABC-Condenser 

(during period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑎𝑐𝑢   𝑑𝑡1𝑝
𝑎𝑐𝑢  °C 

Approach temperature at the hot end of ORC-Condenser located 

in cold utility (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑖,𝑗,𝑘  𝑑𝑡1𝑖,𝑗,𝑘,𝑝 °C 

Approach temperature at the hot end of heat exchanger located 

between hot stream 𝑖 ∈ 𝐻𝑃 and cold stream 𝑗 ∈ 𝐶𝑃 at stage 𝑘 ∈
𝑆𝑇 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑖
𝑎𝑏𝑐𝑒   𝑑𝑡1𝑖,𝑝

𝑎𝑏𝑐𝑒  °C 
Approach temperature at the hot end of ABC-Evaporator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑖
𝑎𝑏𝑐𝑔

  𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑔

 °C 
Approach temperature at the hot end of ABC-Generator located 

in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑖
𝑐𝑢  𝑑𝑡1𝑖,𝑝

𝑐𝑢  °C 

Approach temperature at the hot end of heat exchanger located 

between hot stream 𝑖 ∈ 𝐻𝑃 and cold utility (during period 𝑝 ∈
𝑃) 

 𝑑𝑡1𝑖
𝑒𝑣𝑎𝑝

  𝑑𝑡1𝑖,𝑝
𝑒𝑣𝑎𝑝

 °C 
Approach temperature at the hot end of ORC-Evaporator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑗
𝑐𝑜𝑛𝑑   𝑑𝑡1𝑗,𝑝

𝑐𝑜𝑛𝑑  °C 
Approach temperature at the hot end of ORC-Condenser located 

in cold stream 𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡1𝑗
ℎ𝑢  𝑑𝑡1𝑗,𝑝

ℎ𝑢 °C 

Approach temperature at the hot end of heat exchanger located 

between cold stream 𝑗 ∈ 𝐶𝑃 and hot utility (during period 𝑝 ∈
𝑃) 

 𝑑𝑡2𝑎𝑏𝑐𝑎  𝑑𝑡2𝑝
𝑎𝑏𝑐𝑎 °C 

Approach temperature at the cold end of ABC-Absorber (during 

period 𝑝 ∈ 𝑃) 

 𝑑𝑡2𝑎𝑏𝑐𝑐   𝑑𝑡2𝑝
𝑎𝑏𝑐𝑐  °C 

Approach temperature at the cold end of ABC-Condenser 

(during period 𝑝 ∈ 𝑃) 

 𝑑𝑡2𝑎𝑐𝑢   𝑑𝑡2𝑝
𝑎𝑐𝑢  °C 

Approach temperature at the cold end of ORC-Condenser 

located in cold utility (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡2𝑖,𝑗,𝑘  𝑑𝑡2𝑖,𝑗,𝑘,𝑝 °C 

Approach temperature at the cold end of heat exchanger located 

between hot stream 𝑖 ∈ 𝐻𝑃 and cold stream 𝑗 ∈ 𝐶𝑃 at stage 𝑘 ∈
𝑆𝑇 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡2𝑖
𝑎𝑏𝑐𝑒   𝑑𝑡2𝑖,𝑝

𝑎𝑏𝑐𝑒  °C 
Approach temperature at the cold end of ABC-Evaporator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡2𝑖
𝑎𝑏𝑐𝑔

  𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑔

 °C 
Approach temperature at the cold end of ABC-Generator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡2𝑖
𝑐𝑢  𝑑𝑡2𝑖,𝑝

𝑐𝑢  °C 

Approach temperature at the cold end of heat exchanger located 

between hot stream 𝑖 ∈ 𝐻𝑃 and cold utility (during period 𝑝 ∈
𝑃) 

 𝑑𝑡2𝑖
𝑒𝑣𝑎𝑝

  𝑑𝑡2𝑖,𝑝
𝑒𝑣𝑎𝑝

 °C 
Approach temperature at the cold end of ORC-Evaporator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 
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 𝑑𝑡2𝑗
𝑐𝑜𝑛𝑑   𝑑𝑡2𝑗,𝑝

𝑐𝑜𝑛𝑑  °C 
Approach temperature at the cold end of ORC-Condenser 

located in cold stream 𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡2𝑗
ℎ𝑢  𝑑𝑡2𝑗,𝑝

ℎ𝑢 °C 

Approach temperature at the cold end of heat exchanger located 

between cold stream 𝑗 ∈ 𝐶𝑃 and hot utility (during period 𝑝 ∈
𝑃) 

 𝑑𝑡3𝑖
𝑒𝑣𝑎𝑝

  𝑑𝑡3𝑖,𝑝
𝑒𝑣𝑎𝑝

 °C 
Approach temperature inside of ORC-Evaporator located in hot 

stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑑𝑡3𝑗
𝑐𝑜𝑛𝑑   𝑑𝑡3𝑗,𝑝

𝑐𝑜𝑛𝑑  °C 
Approach temperature inside of ORC-Condenser located in cold 

stream 𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑎  𝐿𝑀𝑇𝐷𝑝
𝑎𝑏𝑐𝑎 °C 

Logarithmic mean temperature difference of ABC-Absorber 

(during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑐   𝐿𝑀𝑇𝐷𝑝
𝑎𝑏𝑐𝑐  °C 

Logarithmic mean temperature difference of ABC-Condenser 

(during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑎𝑐𝑢  𝐿𝑀𝑇𝐷𝑝
𝑎𝑐𝑢 °C 

Logarithmic mean temperature difference of ORC-Condenser 

located in cold utility (during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘 𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝 °C 

Logarithmic mean temperature difference of heat exchanger 

located between hot stream 𝑖 ∈ 𝐻𝑃 and cold stream 𝑗 ∈ 𝐶𝑃 at 

stage 𝑘 ∈ 𝑆𝑇 (during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑒   𝐿𝑀𝑇𝐷𝑖,𝑝

𝑎𝑏𝑐𝑒  °C 
Logarithmic mean temperature difference of ABC-Evaporator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑔

  𝐿𝑀𝑇𝐷𝑖,𝑝
𝑎𝑏𝑐𝑔

 °C 
Logarithmic mean temperature difference of ABC-Generator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑖
𝑐𝑢   𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢  °C 

Logarithmic mean temperature difference of heat exchanger 

located between hot stream 𝑖 ∈ 𝐻𝑃 and cold utility (during 

period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑖
𝑒𝑣𝑎𝑝

  𝐿𝑀𝑇𝐷𝑖,𝑝
𝑒𝑣𝑎𝑝

 °C 
Logarithmic mean temperature difference of ORC-Evaporator 

located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑗
𝑐𝑜𝑛𝑑  𝐿𝑀𝑇𝐷𝑗,𝑝

𝑐𝑜𝑛𝑑 °C 
Logarithmic mean temperature difference of ORC-Condenser 

located in cold stream 𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝐿𝑀𝑇𝐷𝑗
ℎ𝑢   𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢  °C 

Logarithmic mean temperature difference of heat exchanger 

located between cold stream 𝑗 ∈ 𝐶𝑃 and hot utility (during 

period 𝑝 ∈ 𝑃) 

 𝑚̇𝑤  𝑚̇𝑤,𝑝 kg/s 
Mass flow rate of working fluid inside the ORC cycle (during 

period 𝑝 ∈ 𝑃) 

 𝑂𝑃𝐸𝑋  - €/a Operational expenditure 

 𝑞𝑎𝑏𝑐𝑎  𝑞𝑝
𝑎𝑏𝑐𝑎 kW Heat transfer duty of ABC-Absorber (during period 𝑝 ∈ 𝑃) 

 𝑞𝑎𝑏𝑐𝑐  𝑞𝑝
𝑎𝑏𝑐𝑐 kW Heat transfer duty of ABC-Condenser (during period 𝑝 ∈ 𝑃) 

 𝑞𝑎𝑏𝑐𝑒  - kW Heat transfer duty of ABC-Evaporator 

 𝑞𝑎𝑏𝑐𝑔  - kW Heat transfer duty of ABC-Generator 

 𝑞𝑎𝑐𝑢  𝑞𝑝
𝑎𝑐𝑢 kW 

Heat transfer duty of ORC-Condenser located in cold utility 

(during period 𝑝 ∈ 𝑃) 

 𝑞𝑖,𝑗,𝑘  𝑞𝑖,𝑗,𝑘,𝑝 kW 

Heat transfer duty of heat exchanger located between hot stream 

𝑖 ∈ 𝐻𝑃 and cold stream 𝑗 ∈ 𝐶𝑃 at stage 𝑘 ∈ 𝑆𝑇 (during period 

𝑝 ∈ 𝑃) 

 𝑞𝑖
𝑎𝑏𝑐𝑒  𝑞𝑖,𝑝

𝑎𝑏𝑐𝑒 kW 
Heat transfer duty of ABC-Evaporator located in hot stream 𝑖 ∈
𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑞𝑖
𝑎𝑏𝑐𝑔

  𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

 kW 
Heat transfer duty of ABC-Generator located in hot stream 𝑖 ∈
𝐻𝑃 (during period 𝑝 ∈ 𝑃) 
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 𝑞𝑖
𝑐𝑢  𝑞𝑖,𝑝

𝑐𝑢 kW 
Heat transfer duty of heat exchanger located between hot stream 

𝑖 ∈ 𝐻𝑃 and cold utility (during period 𝑝 ∈ 𝑃) 

 𝑞𝑖
𝑒𝑣𝑎𝑝

  𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

 kW 
Heat transfer duty of ORC-Evaporator located in hot stream 𝑖 ∈
𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑞𝑗
𝑐𝑜𝑛𝑑  𝑞𝑗,𝑝

𝑐𝑜𝑛𝑑 kW 
Heat transfer duty of ORC-Condenser located in cold stream 

𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑞𝑗
ℎ𝑢  𝑞𝑗,𝑝

ℎ𝑢 kW 
Heat transfer duty of heat exchanger located between cold 

stream 𝑗 ∈ 𝐶𝑃 and hot utility (during period 𝑝 ∈ 𝑃) 

 𝑟𝑤𝑖  𝑟𝑤𝑖,𝑝 - 
Split fraction of working fluid that circulates through ORC-

Evaporator located in hot stream 𝑖 ∈ 𝐻𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑟𝑤𝑗   𝑟𝑤𝑗,𝑝 - 
Split fraction of working fluid that circulates through ORC-

Condenser located in cold stream 𝑗 ∈ 𝐶𝑃 (during period 𝑝 ∈ 𝑃) 

 𝑡𝑖,𝑘  𝑡𝑖,𝑘,𝑝 °C 
Temperature of hot stream 𝑖 ∈ 𝐻𝑃 at the start of stage 𝑘 ∈ 𝑆𝑇 

(during period 𝑝 ∈ 𝑃) 

 𝑡𝑖,𝑁𝑂𝐾+1  𝑡𝑖,𝑁𝑂𝐾+1,𝑝 °C 
Temperature of hot stream 𝑖 ∈ 𝐻𝑃 at the end of the last intra-

process stage (during period 𝑝 ∈ 𝑃) 

 𝑡𝑗,𝑘  𝑡𝑗,𝑘,𝑝 °C 
Temperature of cold stream 𝑗 ∈ 𝐶𝑃 at the start of stage 𝑘 ∈ 𝑆𝑇 

(during period 𝑝 ∈ 𝑃) 

 𝑡𝑗,𝑘,𝑁𝑂𝐾+1   𝑡𝑗,𝑁𝑂𝐾+1,𝑝 °C 
Temperature of cold stream 𝑗 ∈ 𝐶𝑃 at the end of the last intra-

process stage (during period 𝑝 ∈ 𝑃) 

 𝑡𝑎𝑏𝑠
𝑖𝑛  - °C 

Inlet temperature of the refrigerant solution to the ABC-

Absorber 

 𝑡𝑔𝑒𝑛 - °C 
Outlet temperature of the refrigerant solution from the ABC-

Generator 

 𝑡𝑔𝑒𝑛
𝑖𝑛  - °C 

Inlet temperature of the refrigerant solution to the ABC-

Generator 

 𝑡𝑖
𝑎𝑏𝑐𝑒  𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 °C 
Temperature of hot stream 𝑖 ∈ 𝐻𝑃 at the start of ABC-

Evaporator stage (during period 𝑝 ∈ 𝑃) 

 𝑡𝑖
𝑎𝑏𝑐𝑔

  𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

 °C 
Temperature of hot stream 𝑖 ∈ 𝐻𝑃 at the end of ABC-Generator 

stage (during period 𝑝 ∈ 𝑃) 

 𝑡𝑖
𝑜𝑟𝑐  𝑡𝑖,𝑝

𝑜𝑟𝑐 °C 
Temperature of hot stream 𝑖 ∈ 𝐻𝑃 at the end of ORC stage 

(during period 𝑝 ∈ 𝑃) 

 𝑇𝐴𝐶 - €/a Total annualized cost 

 𝑊𝑛𝑒𝑡  𝑊𝑛𝑒𝑡,𝑝  kW Net work generated by ORC (during period 𝑝 ∈ 𝑃) 

 𝑊𝑝𝑢𝑚𝑝  𝑊𝑝𝑢𝑚𝑝,𝑝 kW Work required by the ORC-Pump (during period 𝑝 ∈ 𝑃) 

 𝑊𝑝𝑢𝑚𝑝
𝑎𝑏𝑐   - kW Work required by the ABC-Pump 

 𝑊𝑡𝑢𝑟𝑏  𝑊𝑡𝑢𝑟𝑏,𝑝 kW Work generated by the ORC-Turbine (during period 𝑝 ∈ 𝑃) 

 Δ𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑  - °C Temperature differences at the cold end of a heat exchanger 

 Δ𝑇𝐻𝑜𝑡−𝐸𝑛𝑑  - °C Temperature differences at the hot end of a heat exchanger 

 𝜂𝑜𝑟𝑐  - - Cycle efficiency of ORC 

-  𝐴𝑎𝑏𝑐𝑎 m² Effective area of ABC-Absorber  

-  𝐴𝑎𝑏𝑐𝑐  m² Effective area of ABC-Condenser  

-  𝐴𝑎𝑐𝑢 m² Effective area of ORC-Condenser located in cold utility  

-  𝐴𝑖,𝑗,𝑘 m² 
Effective area of heat exchanger located between hot stream 𝑖 ∈
𝐻𝑃 and cold stream 𝑗 ∈ 𝐶𝑃 at stage 𝑘 ∈ 𝑆𝑇  
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-  𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐  m² 

Effective area of heat exchanger located between hot stream 𝑖 ∈
𝐻𝑃 and Cold Storage Stream at stage 𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉  

-  𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ  m² 

Effective area of heat exchanger located between cold stream 

𝑗 ∈ 𝐶𝑃 and Hot Storage Stream at stage 𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈
𝐿𝑉  

-  𝐴𝑖
𝑎𝑏𝑐𝑒  m² Effective area of ABC-Evaporator located in hot stream 𝑖 ∈ 𝐻𝑃  

-  𝐴𝑖
𝑎𝑏𝑐𝑔

 m² Effective area of ABC-Generator located in hot stream 𝑖 ∈ 𝐻𝑃  

-  𝐴𝑖
𝑐𝑢 m² 

Effective area of heat exchanger located between hot stream 𝑖 ∈
𝐻𝑃 and cold utility  

-  𝐴𝑖
𝑒𝑣𝑎𝑝

 m² Effective area of ORC-Evaporator located in hot stream 𝑖 ∈ 𝐻𝑃  

-  𝐴𝑗
𝑐𝑜𝑛𝑑 m² Effective area of ORC-Condenser located in cold stream 𝑗 ∈ 𝐶𝑃  

-  𝐴𝑗
ℎ𝑢 m² 

Effective area of heat exchanger located between cold stream 

𝑗 ∈ 𝐶𝑃 and hot utility  

-  𝑑𝑡1𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐  °C 

Approach temperature at the hot end of heat exchanger located 

between hot stream 𝑖 ∈ 𝐻𝑃 and Cold Storage Stream at stage 

𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑑𝑡1𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ  °C 

Approach temperature at the hot end of heat exchanger located 

between cold stream 𝑗 ∈ 𝐶𝑃 and Hot Storage Stream at stage 

𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑑𝑡2𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐  °C 

Approach temperature at the cold end of heat exchanger located 

between hot stream 𝑖 ∈ 𝐻𝑃 and Cold Storage Stream at stage 

𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑑𝑡2𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ  °C 

Approach temperature at the cold end of heat exchanger located 

between cold stream 𝑗 ∈ 𝐶𝑃 and Hot Storage Stream at stage 

𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝐿𝑀𝑇𝐷𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐  °C 

Logarithmic mean temperature difference of heat exchanger 

located between hot stream 𝑖 ∈ 𝐻𝑃 and Cold Storage Stream at 

stage 𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃  

-  𝐿𝑀𝑇𝐷𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ  °C 

Logarithmic mean temperature difference of heat exchanger 

located between cold stream 𝑗 ∈ 𝐶𝑃 and Hot Storage Stream at 

stage 𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑀𝑙𝑣
𝑠𝑡𝑜𝑐 kg 

Minimum storage mass required for Cold Storage Tank in level 

𝑙𝑣 ∈ 𝐿𝑉 

-  𝑀𝑙𝑣
𝑠𝑡𝑜ℎ kg 

Minimum storage mass required for Hot Storage Tank in level 

𝑙𝑣 ∈ 𝐿𝑉 

-  𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐  kW 

Heat transfer duty of heat exchanger located between hot stream 

𝑖 ∈ 𝐻𝑃 and Cold Storage Stream at stage 𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈
𝐿𝑉 during period 𝑝 ∈ 𝑃  

-  𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ  kW 

Heat transfer duty of heat exchanger located between cold 

stream 𝑗 ∈ 𝐶𝑃 and Hot Storage Stream at stage 𝑘 ∈ 𝑆𝑇 and 

level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑄𝑝,𝑙𝑣
𝑐  kWh 

Cumulated thermal energy stored in Cold Storage Tank located 

in level 𝑙𝑣 ∈ 𝐿𝑉 at the start of the Process Cycle at the end of 

period 𝑝 ∈ 𝑃 

-  𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 kW 

Energy rate of charging of Cold Storage Tank located in level 

𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ kW 

Energy rate of charging of Hot Storage Tank located in level 

𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 
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-  𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐  kW 

Energy rate of discharging of Cold Storage Tank located in 

level 𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ  kW 

Energy rate of discharging of Hot Storage Tank located in level 

𝑙𝑣 ∈ 𝐿𝑉 during period 𝑝 ∈ 𝑃 

-  𝑄𝑝,𝑙𝑣
ℎ  kWh 

Cumulated thermal energy stored in Hot Storage Tank located 

in level 𝑙𝑣 ∈ 𝐿𝑉 at the end of period 𝑝 ∈ 𝑃 

-  𝑄𝑙𝑣
𝑐
𝑠𝑡𝑎𝑟𝑡

 kWh 
Cumulated thermal energy stored in Cold Storage Tank located 

in level 𝑙𝑣 ∈ 𝐿𝑉 at the start of the Process Cycle 

-  𝑄𝑙𝑣
ℎ
𝑠𝑡𝑎𝑟𝑡

 kWh 
Cumulated thermal energy stored in Hot Storage Tank located 

in level 𝑙𝑣 ∈ 𝐿𝑉 at the start of the Process Cycle 

-  𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 °C 

Temperature of Cold Storage Stream in level 𝑙𝑣 ∈ 𝐿𝑉 at the 

start of stage 𝑘 ∈ 𝑆𝑇  

-  𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ °C 

Temperature of Hot Storage Stream in level 𝑙𝑣 ∈ 𝐿𝑉 at the start 

of stage 𝑘 ∈ 𝑆𝑇  

-  𝑡𝑁𝑂𝐾+1,𝑙𝑣
𝑠𝑡𝑜𝑐  °C 

Temperature of Cold Storage Stream in level 𝑙𝑣 ∈ 𝐿𝑉 end of the 

last intra-process stage 

-  𝑡𝑁𝑂𝐾+1,𝑙𝑣
𝑠𝑡𝑜ℎ  °C 

Temperature of Hot Storage Stream in level 𝑙𝑣 ∈ 𝐿𝑉 at the end 

of the last intra-process stage 

-  𝑡𝑙𝑣
𝑠𝑡𝑜𝑐 °C Temperature of Cold Storage Tank in level 𝑙𝑣 ∈ 𝐿𝑉 

-  𝑡𝑙𝑣
𝑠𝑡𝑜ℎ °C Temperature of Hot Storage Tank in level 𝑙𝑣 ∈ 𝐿𝑉 

-  𝑉𝑙𝑣
𝑠𝑡𝑜𝑐 m³ 

Minimum storage volume required for Cold Storage Tank in 

level 𝑙𝑣 ∈ 𝐿𝑉 

-  𝑉𝑙𝑣
𝑠𝑡𝑜ℎ m³ 

Minimum storage volume required for Hot Storage Tank in 

level 𝑙𝑣 ∈ 𝐿𝑉 

-  𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥  kW Effective size of ORC-Pump for cost calculations 

-  𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥  kW Effective size of ORC-Turbine for cost calculations 

 

Binary Variables 

Symbol  

Continuous 
Multi-

period 
Meaning 

 𝑧𝑎𝑐𝑢  - Existence of ORC-Condenser located in cold utility  

 𝑧𝑖,𝑗,𝑘 - 
Existence of heat exchanger located between hot stream 𝑖 ∈ 𝐻𝑃 and cold stream 

𝑗 ∈ 𝐶𝑃 at stage 𝑘 ∈ 𝑆𝑇  

 𝑧𝑖
𝑎𝑏𝑐𝑒  - Existence of AR-Evaporator located in hot stream 𝑖 ∈ 𝐻𝑃  

 𝑧𝑖
𝑎𝑏𝑐𝑔

 - Existence of AR-Generator located in hot stream 𝑖 ∈ 𝐻𝑃  

 𝑧𝑖
𝑐𝑢 - Existence of heat exchanger located between hot stream 𝑖 ∈ 𝐻𝑃 and cold utility  

 𝑧𝑖
𝑒𝑣𝑎𝑝

 - Existence of ORC-Evaporator located in hot stream 𝑖 ∈ 𝐻𝑃  

 𝑧𝑗
𝑐𝑜𝑛𝑑  - Existence of ORC-Condenser located in cold stream 𝑗 ∈ 𝐶𝑃  

 𝑧𝑗
ℎ𝑢 - Existence of heat exchanger located between cold stream 𝑗 ∈ 𝐶𝑃 and hot utility  

-  𝑦𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑔𝑒

 
Charge (1) or discharge (0) of Hot Storage Tank Located in level 𝑙𝑣 ∈ 𝐿𝑉 during 

period 𝑝 ∈ 𝑃 
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-  𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐  

Existence of heat exchanger located between hot stream 𝑖 ∈ 𝐻𝑃 and Cold Storage 

Stream at stage 𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉  

-  𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ  

Existence of heat exchanger located between cold stream 𝑗 ∈ 𝐶𝑃 and Hot Storage 

Stream at stage 𝑘 ∈ 𝑆𝑇 and level 𝑙𝑣 ∈ 𝐿𝑉  

 

Sets 

Set Meaning 

 𝐶𝑃 Set of cold process streams 𝑗 

 𝐻𝑃 Set of hot process streams 𝑖 

 𝐿𝑉 Set of storage levels 𝑙𝑣 

 𝑃 Set of periods of operation 𝑝  

 𝑆𝑇 Set of intra-process stages 𝑘 
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Nomenclature 

Abbreviation Meaning 

ABC Absorption Chiller 

BARON Branch-And-Reduce Optimization Navigator 

CC Composite Curve 

CHP Combined Heat and Power 

COP Coefficient of Performance 

COP 21 21st Conference of the Parties 

DH District Heating 

FTVM Fixed Temperature Variable Mass 

GA Genetic Algorithm 

GAMS General Algebraic Modeling System 

GAX Generator-Absorber Heat Exchanger 

GCC Grand Composite Curves 

GHG Greenhouse Gases 

GMST Global Mean Surface Temperature 

GWP Global Warming Potential 

HEN Heat Exchanger Network 

HRL Heat Recovery Loop 

HTF Heat Transfer Fluid 

HVAC Heat, Ventilation and Air Conditioning 

IEA International Energy Agency 

IPCC Intergovernmental Panel on Climate Change 

IWH Industrial Waste Heat 

LIES Locally Integrated Energy Sectors 

LP Linear Programming 

MILP Mixed Integer Linear Programming 

MINLP Mixed Integer Non-Linear Programming 

MP Mathematical Programming 

NLP Non-Linear Programming 

ORC Organic Rankine Cycle 

PA Pinch Analysis 

PCM Phase Change Materials 

PI Process Integration 

PR-EOS Peng Robinson Equations of State 

PTA Problem Table Algorithm 

REFPROP Reference Fluid Thermodynamic and Transport Properties Database 

RHEX Refrigerant Heat Exchanger 

SHEX Solution Heat Exchanger 

SYNHEAT Stage-wise superstructure for the Synthesis of Heat Exchanger Networks  

TAC Total Annualized Cost 

TAM Time Average Model 

TES Thermal Energy Storage 

TSA Total Site Analysis 

TSHI Total Site Heat Integration 

TSM Time Slice Model 

UN United Nations 

UNFCCC United Nations Framework Convention on Climate Change 
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VCR Vapor Compression Refrigeration 

VTFM Variable Temperature Fixed Mass 

WHR Waste Heat Recovery 
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Abstract 

The industrial sector accounts for almost a third of the global GHG emissions, from which 

around 80% correspond to energy-related emissions. The decrease of energy consumption in 

the industrial sectors has therefore a direct impact in the reduction of the global GHG emission 

as required by the Paris Agreement, in order to limit the increase of the global average 

temperature below 2°C above pre-industrial levels. Around 30% of the energy input into the 

industrial sector worldwide is released unused to the environment as waste heat. The internal 

and external recovery of waste heat represents in consequence, an attractive strategy for the 

reduction of the industrial energy consumption. Typically, the internal waste heat recovery and 

the external waste heat recovery are treated as separated problems in the hierarchical sequential 

approach for the design of industrial processes. Although a practical and successful design 

strategy, this sequential approach neglects possible synergies generated by considering 

simultaneously the internal and external waste heat recovery options during the process design.  

In this work, a mathematical framework considering simultaneously internal (represented by 

the synthesis of the heat exchanger network for the system) and external (represented by the 

use of waste heat transformation technologies) waste heat recovery options is presented. The 

mathematical framework focuses on two of the most mature waste heat transformation 

technologies, Organic Rankine Cycles (ORCs) and Absorption Chillers (ABCs), and integrates 

them into Heat Exchanger Networks (HENs) in continuous and multi-period process with and 

without Fixed Temperature Variable Mass (FTVM) heat storage. The generated system designs 

have the potential to be economically, technically and environmentally more attractive than 

systems solely factoring heat exchanger networks.  

The work is organized in six chapters. First, an introduction to the research problem, motivation 

and objectives, is provided. Next, fundamental concepts of waste heat recovery and process 

integration, as well as the State-of-the-Art of the process integration of ORCs, ABCs or both 

into HENs, are presented. The mathematic framework developed in this work is then introduced 

and its application is illustrated using three case studies from the literature. Finally, conclusions 

and future work are outlined.  

The main conclusion from this dissertation is, that combined design methodologies, considering 

the process integration of ORCs, ABCs or both, into HENs in continuous and multi-period 

processes with and without FTVM heat storage, can generate economically, technically or 

environmentally attractive system designs.  



 Kurzfassung XXI 

Kurzfassung 

Rund 30 % des Energieeinsatzes im industriellen Sektor weltweit wird als Abwärme ungenutzt 

an die Umwelt abgegeben. Die interne und externe Rückgewinnung von Abwärme stellt 

folglich eine attraktive Strategie zur Reduzierung des industriellen Energieverbrauchs dar. 

Typischerweise werden die interne und die externe Rückgewinnung (bzw. 

Wärmerückgewinnung und Abwärmenutzung) als getrennte Probleme im hierarchisch-

sequenziellen Ansatz für das Design von industriellen Prozessen behandelt. Obwohl dies eine 

praktische und erfolgreiche Designstrategie ist, vernachlässigt dieser sequentielle Ansatz 

mögliche Synergien, die durch die gleichzeitige Berücksichtigung der internen und externen 

Rückgewinnungsoptionen während des Prozessdesigns entstehen.  

In dieser Arbeit wird ein mathematisches Rahmenwerk entwickelt, das gleichzeitig interne 

(Auslegung des Wärmeübertragernetzwerks für das System) und externe (Einsatz von 

Abwärme-Umwandlungstechnologien) Rückgewinnungsoptionen berücksichtigt. Das 

mathematische Rahmenwerk konzentriert sich auf zwei der etabliertesten Abwärme-

Umwandlungstechnologien, Organic Rankine Cycles (ORCs) und Absorptionskältemaschinen 

(engl. ABCs), und integriert sie in Wärmeübertragernetzwerken (engl. HENs) in 

kontinuierlichen und mehrperiodigen Prozessen mit und ohne FTVM-Wärmespeicher (engl. 

Fixed Temperature Variable Mass Heat Storage). Die generierten Systemdesigns haben das 

Potenzial, wirtschaftlich, technisch und ökologisch attraktiver zu sein als Systeme, die nur 

Wärmeübertragernetzwerke berücksichtigen.  

Die Arbeit ist in sechs Kapitel gegliedert. Zunächst wird eine Einführung in die 

Forschungsfrage, die Motivation und die Ziele gegeben. Anschließend werden grundlegende 

Konzepte der Abwärmenutzung und Prozessintegration sowie der Stand der Technik der 

Prozessintegration von ORCs, ABCs und deren Kombination in HENs vorgestellt. Im nächsten 

Schritt wird das in dieser Arbeit entwickelte mathematische Rahmenwerk vorgestellt und seine 

Umsetzung wird durch drei Fallstudien aus der Literatur erläutert. Abschließend werden 

Schlussfolgerungen und Ansätze für zukünftige Forschungsarbeiten skizziert.  

Die wichtigste Schlussfolgerung aus dieser Arbeit ist, dass kombinierte Auslegungsmethoden, 

die die Prozessintegration von ORCs, ABCs und deren Kombination in HENs in 

kontinuierlichen und mehrperiodigen Prozessen mit und ohne FTVM-Wärmespeicher 

berücksichtigen, wirtschaftlich, technisch und ökologisch attraktive Systemauslegungen 

generieren können. 





 

 





 Introduction 1 

1 Introduction  

On the 12th of December 2015, the legally binding Paris Agreement was adopted by 195 

countries (plus the European Union as a legal entity) during the 2015 United Nations Climate 

Change Conference, also known as the 21st United Nations Framework Convention on Climate 

Change (UNFCCC) Conference of the Parties (COP 21). The main objective of the agreement 

is to “…strengthen the global response to the threat of climate change…” by “… holding the 

global average temperature1 to well below 2°C above pre-industrial levels2 and pursue efforts 

to limit the temperature increase to 1.5°C above pre-industrial levels…” (UNFCCC 2015). The 

agreement, which entered into force on the 4th of November 2016 presents a legal framework 

for the global fight against climate change. More recently, on the special report “Global 

Warming of 1.5°C” (IPCC 2018) the Intergovernmental Panel on Climate Change (IPCC) of 

the United Nations (UN) warned about the long-term consequences that a temperature increase 

of more than 1.5°C above pre-industrial levels will have on natural and human systems and 

encourage policy makers to support the implementation of ambitious actions to limit the global 

warming to the 1.5°C target. The expected consequences in comparison with the 2°C scenario 

include but are not limited to increases in the mean temperatures of most land and ocean 

regions, increases in extreme weather conditions (i.e. hot extremes, heavy precipitation, 

droughts, etc.) in several regions, increases on see level rising, increases on species loss and 

extinction (6% of insects, 8% of plants and 4% of vertebrates in 1.5°C scenario in comparison 

with 18% of insects, 16% of plants and 8% of vertebrates in 2°C scenario) and increases on 

climate-related risks to health, food and human security, water supply and economic growth, 

etc.  

According to data from the World Resources Institute, in 2016 the industrial sector accounted 

for 29.4% of the global greenhouse gases (GHG) emissions, with 82.3% of this share (24.2% 

of the global GHG emissions) as energy-related emissions and 17.7% (5.2% of the global GHG 

emissions) generated as byproduct of industrial processes, mainly in cement, chemical and 

petrochemical manufacturing (Ritchie, et-al 2020).As presented in Figure 1-1, energy-related 

GHG emissions in the industrial sector have the largest contribution to the GHG emissions of 

 

1 Global average temperature is defined by the Intergovernmental Panel on Climate Change of the United Nations 

(IPCC) as the Global Mean Surface Temperature (GMST) and is calculated as a weighted average of the Near-

Surface Air Temperature (SAT) and the Sea Surface Temperature (SST). 
2 Pre-Industrial levels are defined by the IPCC as the “…multi-century period prior to the onset of large-scale 

industrial activity around 1750…” IPCC 2018. The GMST calculations for pre-industrial levels are based on the 

reference period 1850-1900. 
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any anthropogenic activity with a 24.2% of the global GHG emissions and therefore the 

decarbonization and the decrease of the energy consumption in the industrial sector have a 

direct impact on the global efforts against climate change. In numbers, the global GHG 

emissions in 2016 were roughly 49.4 GtCO2eq3 from which 12.0 GtCO2eq were energy-related 

emissions from the industrial sector (Ritchie, et-al 2020).  

 

Figure 1-1. Global Green House Gas (GHG) emissions in percentage of CO2eq per sector in 2016. 

Source: Own diagram based on Ritchie, et-al (2020). 

1.1 Motivation and Background 

In the only study estimating the total global waste heat potential, Forman et al. (2016) calculated 

that around 30% of the energy input into the industrial sector, is released unused to the 

environment through a heat carrier as industrial waste heat. Increasing environmental standards 

and the dissemination of better technological practices worldwide can be expected to decrease 

the proportion of industrial waste heat.  

Even then, for physical, technological and economic reasons, some level of industrial waste 

heat is unavoidable and new methodologies and technologies need to be implemented in order 

to design systems that minimize the waste heat generated by a given process (reuse or internal 

recovery) or that transform it into other useful energy forms or transport it to other external 

 

3 Non-SI standard unit for GHG emissions. Calculated using global warming potentials (GWPs) over a 100-year 

period. For non-CO2 gases, CO2 equivalent is calculated as the amount of CO2 which generate the same GWP. 
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locations where it can be used (external recovery or utilization). Although in English, both 

concepts are usually referred to with the term “Waste Heat Recovery” (WHR), in the German 

language a clearer separation between the internal (“Wärmerückgewinnung”) and external 

(“Abwärmenutzung”) recovery of waste heat exists (Gabathuler 1994).  

In most publications in the literature, as well as in practice, internal and external heat recovery 

in industrial processes are treated as independent and separated problems. The internal heat 

recovery is studied as part of the design of a heat recovery system, which mainly refers to the 

synthesis of a cost-optimal heat exchanger network (HEN) for the process, and it constitutes 

the main research problem of a family of methodologies known as “Process Integration” (PI). 

On the other hand, the external waste heat recovery, and more specifically the use of energy 

conversion technologies, is treated sometimes as an independent problem or sometimes as part 

of the design of the utility system. An overview of this hierarchal approach is represented in the 

famous “onion diagram” for process design as shown in Figure 1-2.  

 

Figure 1-2.  "Onion Diagram" for process design.  

Source:  Own diagram based on Peesel et al. (2016) and Smith (2005) 

The typical onion diagram for process design represents a sequential approach for the design of 

industrial processes which is a successful and practical strategy for the synthesis of industrial 

systems. Even then, the sequential nature of the method, although often iterative, neglects the 

possible synergies that can be generated by considering simultaneously two or more levels in 

Energy Conversion

(WHR Technologies)

Utility System

Heat Recovery 

(HEN Synthesis)

Process

Water and Effluent Treatment
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the process design hierarchy. In this research, two of those process design levels are considered 

simultaneously: the design of the heat exchanger network (including heat storage) and the 

integration of waste heat recovery technologies into the background processes. By considering 

the integration of waste heat recovery technologies and the synthesis of the heat exchanger 

network simultaneously, new possibilities and synergies can be generated which could 

contribute to design energy systems that are economically, technically and/or environmentally 

attractive for industrial implementation.  

1.2 Problem Description and Objectives 

Given the number of waste heat recovery technologies available, considering the integration of 

all of them into heat exchanger networks is a considerable task. For time and resources 

limitations, only a few selected technologies are considered in this work. Two of the most 

mature technologies for WHR are the “Organic Rankine Cycles” (ORC) and the “Absorption 

Chillers” (ABC). While a few studies have been presented considering the integration of these 

WHR technologies into HENs, they typically only considered one technology at a time, do not 

consider the thermophysical properties for the working fluids/pairs and/or are limited to 

continuous processes (see State-of-the-Art in Chapter 3). This research is an effort to expand 

the literature in this area of research and study the process integration of ORCs, ABCs or both 

into HENs in continuous and multi-period processes with or without heat storage. 

From the heat storage technologies available in the market for industrial applications, only 

“Fixed Temperature Variable Mass” (FTVM) heat storages are considered in this research. The 

main reason for this selection is the maturity level of this technology for industrial applications. 

FTVM storages includes two-tank, multi-tank and stratified tanks systems, and their use is a 

common and accepted practice in industrial processes worldwide (see discussion on heat 

storage technologies in Section 2.3.3).  

The overarching research question for this dissertation can be formulated as: 

“Can a combined design methodology considering simultaneously the synthesis of heat 

exchanger networks and the process integration of organic Rankine cycles, absorption chillers 

or both into the background processes in continuous and multi-period operation with and 

without FTVM heat storage, generate system designs that are economically, technically and/or 

environmentally more attractive than systems solely factoring heat exchanger networks?” 
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In order to answer this overarching research question, a mathematical framework is developed 

for the process integration of organic Rankine cycles, absorption chillers or both into heat 

exchanger networks in continuous and multi-period processes with and without FTVM heat 

storage.  

The novelty of the research resides in two key aspects: first, the modification of existing 

mathematical models for the integration of ORCs and ABCs into HENs in continuous processes 

in order to include both technologies simultaneously while considering the working fluid/pair 

properties and second, the expansion of the modified models to include multi-period processes 

with and without FTVM heat storage. 

The research question can also be formulated as a synthesis problem (problem statement). The 

use of problem statement is a common practice in studies related to the synthesis of heat 

exchanger networks. For this dissertation, the synthesis problem, can be formulated as: 

“Given are a continuous or a multi-period industrial process with a set of streams to be cooled 

𝑖 ∈ 𝐻𝑃 (hot streams) and a set of streams to be heated 𝑗 ∈ 𝐶𝑃 (cold streams) with known inlet 

and outlet temperatures as well as known heat capacity flow rates and heat transfer coefficients. 

Moreover, hot and cold utilities of known temperatures and heat transfer coefficients are 

available to supply or to accept thermal energy to or from the system, respectively. Additionally 

in the case of multi-period processes, a set of periods of operation 𝑝 ∈ 𝑃, each of them of known 

duration is given. Design a heat exchanger network (including heat storage) integrating 

organic Rankine cycles, absorption chillers or both into the background processes, that 

optimizes the total annualized cost (TAC) of the system”. 

An overview of the general and specific objectives of this dissertation is presented in Figure 

1-3. The main objective of the dissertation is to generate the aforementioned mathematical 

framework for the integration of organic Rankine cycles, absorption chillers or both, into heat 

exchanger networks in continuous and multi-period processes with and without FTVM heat 

storage. This objective is accomplished through the generation of nine superstructures (three 

for continuous processes, three for multi-period processes without heat storage and three for 

multi-period processes with FTVM storage) with their respective mathematical models, that 

can be used to explore integration opportunities of ORCs, ABCs or both, into HENs, while 

simultaneously designing the HEN, integrating FTVM heat storage if necessary and calculating 

the TAC of the system. 
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The main objective is subdivided into three different specific objectives, one for each type of 

process considered in this dissertation, as presented in Figure 1-3. For continuous processes, 

the acronyms HEN-ORC, HEN-ABC and HEN-WHR indicate the superstructures for the 

process integration of organic Rankine cycles, absorption chillers and both technologies 

simultaneously into HENs, respectively. Similar acronyms are used to represent the 

superstructures developed for multi-period processes without heat storage (MP-ORC, MP-ABC 

and MP-WHR) and also to represent the superstructures developed for multi-period processes 

with FTVM heat storage (MP-ST-ORC, MP-ST-ABC and MP-ST-WHR).  

 

Figure 1-3.  General and specific objectives of the dissertation. 

Source:  Own diagram 

1.3 Scope of the Research  

As all mathematical models, the mathematical framework developed in this dissertation has 

certain limitations due to the assumptions made during its generation. Some of these limitations 

are related to the system arrangements possible in the superstructures, as certain system 

configurations are not considered. Other limitations are related to assumptions made to simplify 

the number of variables and computational complexity of the mathematical models. 

This dissertation attempts to provide viable designs for the synthesis problem within the 

following assumptions: 
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1) General assumptions: 

- The method is a mathematical programming approach for the simultaneous synthesis of 

HEN and the integration of ORC, ABC or both into the background processes. Pinch 

analysis (PA) is used only to establish upper limits to the hot and cold utility 

consumption in the system (i.e., hot and cold utility targets) and as visual aid (i.e., 

“Grand Composite Curves” or GCC) for the understanding of the case studies presented 

in Chapter 4. The synthesis results (i.e., system designs) are generated exclusively from 

mathematical optimization techniques. In contrast to sequential methods for the 

synthesis of  HEN and the integration of ORC, ABC or both into the background 

processes, the methodology developed in this work considers simultaneoulsy trade-offs 

and interactions between the different components and subsystems of the design.  

- ORC and ABC will operate only with “waste heat”, that is only with energy already 

supplied to the HEN which it would be otherwise rejected to the cold utility if not 

“recovered”. In this work, only waste heat attached to fluid heat carriers is considered 

(no diffuse waste heat or waste heat attached to solid carriers) and it is defined as “the 

unused or residual heat from an industrial process, after the maximum internal heat 

recovery through heat exchange according to the pinch analysis is achieved” (Oluleye 

2015) . Numerically, the waste heat available in the system is equal to the cold utility 

target as calculated with pinch analysis. Please see Section 2.1 for a extended discussion 

on the multiple definitions of waste heat in the scientific literature.  

- The superstructures are based on the “stage-wise” superstructure for the synthesis of 

HENs also known as SYNHEAT model by Yee and Grossmann (1990). From current 

mathematical programing methods for the design of HENs in continuous processes, 

SYNHEAT offers the best combined performance in terms of quality of the solutions 

and computational effort (Escobar and Trierweiler 2013). Additionaly, SYNHEAT has 

already been successfully extended and applied for the design of multi-period HENs 

(Aaltola 2003).  

- As with any superstructure-based methodology, only certain system configurations are 

considered. The detailed description of the configurations developed in this work is 

presented in Chapter 4. Some of the system designs that are not considered include: 

▪ Systems with multiple ORCs and ABCs. The developed models only include 

one ORC and one ABC. 
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▪ Systems where the ORC and ABC exchange energy directly with each other, or 

with the storage system. In the developed models the ORC and the ABC only 

interact with the process streams or the utilities. 

▪ Systems with ORC configurations other than the basic cycle. 

▪ Systems with ABC configuration other than the single-effect ABC. 

 

- Only one ORC can be integrated to a given HEN. Multiple evaporators and condensers 

in pararell can be installed in each of the hot and cold process streams, respectively, but 

the ORC system operates only with one working fluid, one pump and one turbine. 

- Similar to the ORC, only one ABC can be integrated to a given HEN. Mutiple generators 

and evaporators in parallel can be installed in each of the hot process streams, but the 

ABC operates with only one refrigerant couple, one absorber, one condenser, one pump 

and one solution heat exchanger (SHEX).  

- ORC and ABC integration can only occur in certain places in the superstructure 

(dedicated stages). This assumption reduces the number of binariy variables 

significatively, as the number of binary variables describing the existence (or not) of 

ORCs and ABCs is only proportional to the number of hot and cold streams and not the 

number of stages in the superstructure. Succesfull applications of this approach were 

first presented by Hipólito-Valencia et al. (2013). 

- The locations of the dedicated stages for the ORC and ABC integration in the different 

models developed are fixed and they take place at the cold end of the process streams. 

The schematic representations for the nine superstructures developed in this work are 

presented in Chapter 4 and provide a detailed description of the stage locations for the 

different superstructures. With the exception of the “ABC-Evaporator Stage” located 

directly after the “Cold Utility Stage”, the fixed locations for the dedicated stages are 

not thermodynamically optimal (that would be directly after the pinch point for the 

“ORC Stage” and the “ABC-Generator” Stage). Even then, by fixing the location of the 

dedicated stages, the computational complexity and model size of the different 

superstructures is reduced significatively. Additionally, the fixed locations allow to 

generate systems without expert knowledge of the internal flow of energy between the 

process streams, that is without the need of a detailed pinch analysis.  

- The main objective of all the models developed in this work is the minimization of 

“Total Annualized Cost” (TAC) of the systems (Objective Function). Different than 

methodologies based on the “Pinch Design Method” (Linnhoff and Hindmarsh 1983), 
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where the economical optimum is not the objective function, and instead “near optimal” 

designs optimizing related variables (e.g., the hot and utility consumptions, the number 

of units, total heat transfer area, power generated by ORC, etc.) are sequentially 

generated, the mathematical approach used in this work allows to search directly for the 

economic optimum of the system.  

- Heat capacities and heat transfer coefficients of all fluids involved are constant. 

- If streams splits are required in the HEN, mixing takes place isothermally. This 

limitation is inherited from the original formulation of the SYNHEAT model and it 

allows to reduce the size of the model formulation, as it eliminates the need for non-

linear mixing equations (mass and heat balances) at each stage of the superstructure 

(Yee and Grossmann 1990).  

- All the components in the systems are adiabatic (no thermal losses). 

- Dynamic and transient or partial-load effects in the multi-period processes are not 

considered. This limitation simplifies the mathematical optimization problem but can 

have a significant impact on the performance of real-life systems. Additional research 

in this area is suggested for future works (see Section 6.2).  

- The capital cost for each heat exchanger, turbine, pump and storage tank in the system 

is described by a formula of the type: 

𝑐𝑐𝑜𝑠𝑡 = 𝑐𝑓𝑖𝑥 + 𝑐𝑣𝑎𝑟 𝐸
𝛽 (1-1) 

 

Where 𝑐𝑐𝑜𝑠𝑡 represents the capital cost of the component, 𝑐𝑓𝑖𝑥 the fixed cost of a unit of 

the component, 𝑐𝑣𝑎𝑟 the variable cost coefficient for the given component, 𝐸 the 

equipment cost attribute, that is the equipment parameter which is used to correlate 

capital costs (heat transfer area for heat exchangers, power generated or required for 

turbines and pumps and storage volume for storage tanks), and 𝛽 the capital cost 

exponent. The superstructures developed on this work can be applied with any arbitrary 

set of cost coefficients. For each case study presented in Chapter 5, a new set of cost 

coefficients is used. 

- For multi-period processes, the capital cost for each component in the system is 

calculated using the “Maximum Size Approach” . This methodology, first presented by 

by Verheyen and Zhang (2006) for the synthesis of multi-period HENs, defines the 

effective heat transfer area of a heat exchanger to be used in TAC calculations as the 

biggest of the heat transfer areas required (i.e, maximum size) by the given heat 

exchanger, if each period of operation were considered independently. In this work, the 
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“Maximum Size Approach” is extended to other unit types (turbines, pumps and storage 

tanks) using the maximum value of their equipment cost attributes (power generated, 

power required and storage volume, respectively). The “Maximum Size Approach” 

allows the generated designs to operate under all the possible conditions in the system, 

and the minimization of the TAC as objective function forces the optimization algorithm 

to generate the “cheapest” (i.e., smallest) system which is able to operate under all 

conditions in all the period of operation. 

 

2) For system involving ORCs: 

- Only the basic ORC configuration is considered, due to its simplicity and good 

thermoeconomic performance (Imran et al. 2014; Branchini et al. 2013). 

- Working fluid is set in advance. Only pure substances that are dry working fluids are 

allowed. Dry and isentropic fluids are preferred for most ORC applications, as no liquid 

droplets are generated during the expansion and therefore no superheating is required to 

preserve the turbine blades (Liu et al. 2004). 

- ORC evaporation and condensation temperatures/pressures are set in advance. Models 

including the ORC evaporation and condensation temperatures as optimization 

variables have already been presented in the literature for continuous processes (Yu et 

al. 2017a), but this approach increases substancially the complexity of the model 

formulations, as it requires the inclusion of highly non-linear equations of state in the 

optimization models. More recenlty, approaches using fit funtions instead of equations 

of state for the working fluid properties have been used with promising results and could 

be explored for future works (Dong et al. 2020). 

- Specific thermophysical properties (per unit of mass) of the working fluid at the 

entrance/exit of each ORC component are calculated in advance independently of the 

optimization model. At least two independent intensive thermophysical properties of 

the working fluid are known in advance at the entrance/exit of each component of the 

ORC cycle, and therefore its themodynamical state in these locations is completely 

defined (the so called “State Principle”). Although properties databases can be used, for 

the case studies presented in Chapter 5, the properties are calculated using the Peng-

Robinson equations of state. See Appendix B for a detailed description of the property 

calculations and the ORC cycle simulation. 

- Related to the point above, working fluids leave the evaporators and condensers at a 

saturated state (vapor/liquid respectively).  
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- Isentropic efficiencies of turbines and pumps are known in advance.  

- If required, stream splits of the working fluid mix isothermally after evaporators and 

condensers. Similar to the streams splits of process streams in the HEN, the isothermal 

mixing assumption reduces the size and complexity of the model formulation. 

- The capital cost of the ORC is equal to the sum of the capital costs of its constituent 

heat exchangers (evaporators and condensers) and the costs of the turbine and pump. 

 

3) For system involving ABCs 

- Refrigerant couple is set as LiBr/H2O, as is the prefered refrigerant couple used in 

applications with refrigeration temperatures above 0°C (Papadopoulos et al. 2020) . For 

a detail explanation of the properties of this refrigerant couple, please see Section 

2.3.4.1. 

- Only single-effect absorption chillers are considered. This assumption decreases the size 

and complexity of the model formulation in comparion with multi-effect systems, while 

providing a good thermodynamical performance.  

- For given refrigeration (𝑇𝑟𝑒𝑓) and condensation temperatures (𝑇𝑐𝑜𝑛𝑑), and a given 

effectiveness of the “Solution Heat Exchanger” (𝜀𝑆𝐻𝐸𝑋), a unique set of fit functions 

describing the physical behavior of the ABC is generated. All the fit functions obtained 

have 𝑅2 ≥ 0.95. The objective of these fit functions is to integrate the physical 

behaviour of the ABC into the optimization model. For more details on the ABC 

simulation and the properties of refrigerant and refrigerant couple, please refer to 

Appendix A. 

- The fit functions are generated based on a detailed simulation of the ABC behavior (see 

Appendix A). The refrigerant and refrigerant solution properties used to perform this 

detailed simulation are taken from experimental correlations. For the LiBr/H2O solution 

properties are taken from the correlations by Sun (1997). Properties for pure H2O inside 

the absorption cycle are obtained from Irvine and Liley (1984). The use of fit functions 

simplifies the modeling of the ABC and it replaces the use of the highly complex 

experimental correlations for the properties of the refrigerant and refrigerant couple 

(plus the additional mass and energy balances for every component of the ABC) in the 

optimization model. 

- At least three independent intensive properties of the refrigerant solution, and two 

independent intensive properties of the pure refrigerant are known at the entrace/exit of 

each ABC component. 
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- Temperatures of the refrigerant at the exit of the condenser (𝑇𝑐𝑜𝑛𝑑) and the refrigerant 

couple at the exit absorber (𝑇𝑎𝑏𝑠) are set in advance. They are considered the same and 

equal to the sum of the temperature of the available cold utility and the minimum 

approach temperature allowed between the ABC componets and the process streams. 

This assumption implies that the refrigerant and refrigerant couple at the condenser and 

absorber, respectively, are cooled down to the minimum achievable temperature by the 

cold utility.  

- Evaporator (refrigeration) temperature (𝑇𝑟𝑒𝑓) is set in advance. 

- Mixing of streams after the generators and evaporators takes place isothermally. Similar 

to the streams splits of process streams in the HEN, and working fluid in the ORC, the 

isothermal mixing assumption reduces the size and complexity of the model 

formulation. 

- Concentration of LiBr in solution remains always between 0.4 and 0.7 in mass, to avoid 

crystallization. This concentration range is typically used for the design of absoption 

machines (Kaita 2001). In reality, the concentration at which a LiBr solution crystallize 

is a function of its temperature (Gilani and Ahmed 2015). A further exploration of the 

crystallization effect in the design of the system is proposed as an area of future work.  

- Refrigerant (H2O) leaves condenser and evaporators at a saturated state as liquid and 

vapor respectively (Wonchala et al. 2014).  

- H2O leaves the generator as a superheated steam at the generator pressure and at the 

equilibrium temperature of the LiBr/H2O solution (Wonchala et al. 2014). 

- Refrigerant solution (LiBr/H2O) leaves absorber and the generators at a saturated state 

as liquid and vapor respectively (Wonchala et al. 2014). 

- Efficiency of “Solution Heat Exchanger” (𝜀𝑆𝐻𝐸𝑋) is set in advance . 

The costs of the SHEX, the solution pump and the pumping costs of the ABC are 

neglected in the cost calculations as they are small in comparison to the capital costs of 

the generators, condensers, evaporators and absorbers (Mussati et al. 2016). 

- The capital cost of the ABC is equal to the sum of the capital costs of its constituent 

heat exchangers (except the SHEX as pointed in the previous point). 

- In order to simplify the cost calculations for the ABC Absorber and the ABC Condenser, 

and as they do not interact directly with the process streams (the are not part of the 

HEN), no related binary variables have been defined  and their fixed costs (𝑐𝑓𝑖𝑥 in 

Equation (1-1)) are set to zero (𝐶𝑓𝑖𝑥 = 0).  
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4) For system involving storage: 

- Only two-tank and multi-tank “Fixed Temperature Variable Mass” (FTVM) storage 

systems are considered. Although numerous technologies for “Thermal Energy 

Storage” (TES) are available in the market, sensible storages such as the FTVM storage 

tanks remain the most popular alternative for industrial processes (Sarbu and 

Sebarchievici 2018). 

- The number of tanks is defined in advance. Stratified tanks can be considered as two-

tank systems. 

- The temperatures at each storage tank remain fixed during the whole cycle and are 

calculated during the optimization process. 

- Tanks operate cyclically. Tank level at the start of the cycle is equal to the level at the 

end of the cycle. The amount of energy stored/accumulated in a given storage tank at 

the beginning and end of the process duration (cycle) is the same. 

- Storage fluid is set in advance. 

- Thermophysical properties of the storage fluid are known and constant. 

- Utilities do not supply/extract energy to/from the storage systems. Only the process 

streams exchange heat with the storage system. 

- The FTVM storage tanks are fed by hot and cold storage streams that exchange energy 

exclusively with the process streams. For a schematic representation of the storage 

system , as well as a detail explanation of its operation, please see Section 4.2.3.1.  

- The tanks are organized in energy levels. In each energy level, two tanks exist, one 

acting like a hot storage and one as a cold storage. A tank acting as a cold storage in one 

energy level, is considered a hot storage in the next one. The temperatures of the tanks 

decrease with each increasing energy level.  

- In each energy level, one hot storage stream flows from the hot storage tank to the cold 

storage tank, exchanging energy exclusively with the cold process streams. Similarly, 

in each energy level, one cold storage stream flows from the cold storage tank to the hot 

storage tank, exchanging energy exclusively with the hot process streams along the way. 

For each period of operation and at a given energy level, only one of the storage streams, 

either the hot storage stream or the cold storage stream, is active. 

- The costs of the storage fluid, the capital cost of the required pumps and the pumping 

cost of the storage system are not considered, as they are assumed small in comparison 

to the cost of the storage tanks. The capital cost of the storage system is equal to the 

sum of the capital costs of its constituent storage tanks. 
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1.4 Outline of the Work 

The structure of the dissertation is presented in Figure 1-4. Chapter 2 presents fundamental 

concepts of waste heat recovery and process integration. These fundamentals include a working 

definition for waste heat to be used in the rest of this work; estimations for industrial waste heat 

(IWH) potentials around the world, in Europe and in Germany; an overview of different WHR 

technologies with emphasis on ORC and ABC, and an introduction to key concepts of process 

integration in continuous and discontinuous process. Chapter 3 provides a State-of-the-Art on 

the process integration of ORCs, ABCs and both, into HENs and Chapter 4 presents the 

mathematical framework developed in this research for the integration of ORC, ABC or both 

into HENs in continuous and multi-period processes with and without FTVM heat storage. In 

total nine different superstructures involving the integration of the individual and combined 

WHR technologies in to HENs are presented. At the end of Chapter 4, the mathematical 

considerations and limitations for the nine superstructures are discussed. The use of the 

superstructures developed in Chapter 4 is illustrated with help of three case studies from the 

literature in Chapter 5, corresponding to continuous, semi-continuous and batch processes. 

After an exemplary sensitivity analysis of one the developed models and the critical discussion 

of the results of the case studies and the performance of the developed superstructures, 

conclusions and possible future work are outlined in Chapter 6. 
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Figure 1-4. Structure of the dissertation 

Source:  Own diagram  
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2 Fundamentals 

This chapter presents an overview about key concepts of “Waste Heat Recovery” (WHR) from 

industrial processes and “Process Integration” (PI). Section 2.1 provides a number of definitions 

for waste heat and establishes the definition of waste heat to be used in the context of this 

research; Section 2.2 presents estimations for the theoretical potential for WHR from industrial 

sites in Germany, Europe and the world; Section 2.3 presents an overview of the technologies 

available for WHR; section 2.4 offers an introduction to PI, describing key concepts of Pinch 

Analysis (PA) and Mathematical Programming (MP) and section 2.5 definitions for key 

concepts for PI in discontinuous processes. 

2.1 Waste Heat: Definition 

In the most general sense, “Industrial Waste Heat” (IWH) can be defined as “…the energy that 

is generated in industrial processes which is not put into any practical use and is lost, wasted 

and dumped into the environment…” (Jouhara et al. 2018). Similar definitions are offered by 

Brückner et al. (2015), Broberg Viklund and Johansson (2014), Ludwig (2012) and Johnson et 

al. (2008).  

Ludwig (2012) categorizes waste heat as either “diffuse” or “concentrated”. Diffuse waste heat, 

is energy lost or dissipated directly to the environment without the use of a heat carrier. Energy 

lost through radiation and convection from hot surfaces, generated by friction between moving 

surfaces or by dissipation due to electrical resistances are examples of diffuse waste heat 

(Forman et al. 2016). This waste heat is difficult to reuse in industrial processes but can be 

partially recovered in industrial facilities through “Heat, Ventilation and, Air Conditioning” 

(HVAC) systems to be used for space heating, or minimized by means of better insulation of 

pipes and hot surfaces and better lubrication between moving surfaces. Concentrated waste 

heat, is defined as the portion of the unused energy from industrial processes that is released to 

the environment attached to heat carriers, typically fluids. Although solid heat carriers exist, 

they are difficult to handle and heat recovery from them, tends to be expensive and technically 

challenging (Papapetrou et al. 2018).  

From a practical point of view, only waste heat attached to a fluid heat carrier can be technically 

and economically recovered to be reused in industrial processes or transformed in other useful 

energy forms, i.e. higher-grade heat, cooling and electricity (Papapetrou et al. 2018), and it is 

this share of the unused energy from industrial process that it is commonly referred as waste 
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heat or “industrial excess heat” (Berntsson and Åsblad 2015) in most of the studies about waste 

heat and waste heat potentials.  

More technically-driven definitions for waste heat, focus on the fact, that some unavoidable 

heat losses are part of all physical processes and in contrast, some of the heat from industrial 

processes can be internally or externally recovered using different technologies and methods. 

Oluleye (2015) defines waste heat as “…the residual heat rejected to cooling water and air 

when a single process or a site has reached its limit for heat recovery…”. This limit for heat 

recovery is established using PA (Linnhoff and Flower 1978a). Berntsson and Åsblad (2015) 

call “true waste heat” or “non-usable excess heat” to the “…remaining part of the excess heat, 

when all internally and externally usable parts have been deducted…”. Bendig et al. (2013) 

define waste heat as the “…the sum of the exergy that is available in a process after pinch 

analysis, heat recovery, process integration and energy conversion (utility) integration with the 

help of exergy analysis…”, that is all the exergy that is available after all possible internal and 

external energy recovery is exhausted. Ammar et al. (2012) refer to waste heat or “low-grade 

heat” to the heat that “…is not viable to recover within the process and is rejected to the 

environment…”. As for “viable” recovery, Ammar et al. (2012) consider not only the physical 

feasibility but the economic aspects of the heat recovery. 

In this work, IWH is defined similar to Oluleye (2015), as: 

“The unused or residual heat from an industrial process, after the maximum internal heat 

recovery through heat exchange according to the pinch analysis is achieved. Under the absence 

of any other heat recovery options, i.e. heat transformation technologies, this heat would be 

rejected to the environment through a fluid heat carrier”. 

This definition only includes waste heat attached to fluid heat carriers and ignores diffuse waste 

heat and waste heat contained in solid heat carriers (see Section 1.3).  

2.2 Industrial Waste Heat Potential 

Multiple studies estimating the industrial waste heat potential in different geographical zones 

have been published in the last years. For all of the studies, the calculated IWH potential refers 

only to the waste heat contained in fluid heat carriers. A review by Brückner et al. (2014) 

categorizes methods for the estimation of IWH potential depending on the scale of the study 

(single company, industrial park, neighborhood, town, region, country or the world), the data 

acquisition method (survey/measurement, estimation or combined) and the approach used for 
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the calculation of the waste heat potential (bottom-up , top-down or combined), the latter being 

the most popular method for the classification of waste heat potential studies (Pehnt et al. 2010). 

In this classification, bottom- up approach refers to the aggregation of information from single 

companies or studies into a general result and top-down approach refers to the use general 

parameters, like efficiency factors from machines, processes or industrial sectors, in order to 

calculate an estimate of the waste heat potential for a given system (process, industrial sector 

or geographical region). Other authors like Blesl et al. (2008) also categorize the waste heat 

potential studies according to the accuracy of the estimation into rough, medium or high 

accuracy methods, with increasing requirements in the level and accuracy of the information 

required for the estimation.  

Additionally, Brückner et al. (2014) distinguish between different types of waste heat potential: 

theoretical or physical potential which accounts for the recoverable heat according to the laws 

of physics; technical potential which considers technological and practical limitations to the 

possible heat recovery and the economic potential which refers to the feasible energy recovery 

when considering economic and financial parameters. Most of the studies in the literature only 

refer to the theoretical potential. Table 2-1 offers an overview of studies estimating theoretical 

industrial waste heat potentials published in the last decade. Only studies for Germany, the 

European Union or the world as a whole are considered. Studies for regions, cities or individual 

countries (except Germany) are not presented in the table. Also, studies focusing on selected 

industrial sectors (e.g., non-metallic, food, energy intensive industries) are not included.  

Table 2-1.  Estimations of theoretical industrial waste heat potentials in different geographical areas.  

Source Area Approach 
Reference  

Temp. (°C) 

Estimation 

(PJ/a) 

Reference 

Year 

Papapetrou et al. (2018) EU Top-Down N.A. 1 091.7 2015 

Brückner et al. (2017) Germany Bottom-Up >35.0 223.0 2008 

Forman et al. (2016) World Top-Down N.A. 31 902.0 2012 

I-ThERM Consortium (2016) EU Top-Down N.A. 1 225.5 2010 

Persson et al. (2014) EU Top-Down >90.0 2 924.0 2010 

Pehnt et al. (2010) Germany Top-Down >60.0 476.0 2007 

Source:  Own table based on Papapetrou et al. (2018), Brückner et al. (2017), Forman et al. (2016), I-

ThERM Consortium (2016), Persson et al. (2014) and Pehnt et al. (2010). 

From the studies in Table 2-1, only Forman et al. (2016) estimates the global IWH available. 

Additionally, the study presents estimated theoretical waste heat potentials for the 

transportation, commerce, residential and energy generation sectors. The global IWH potential 

is estimated as 31 902.0 PJ/a, which corresponds to almost 7% of the global energy input and 

30% of the energy consumed in the industrial sector. As for European studies, the values 

provided by the I-ThERM Consortium (2016) and Papapetrou et al. (2018) are similar, with 
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estimated theoretical IWH potentials of 1 225.5 PJ/ and 1 094.9 PJ/a respectively. In contrast, 

the value provided by Persson et al. (2014) of 2 924.0 PJ/a is approximately 2.5 times higher 

than the other values, and it is considered in their study as an upper limit for the IWH recovery 

potential in Europe. The conservative value estimated by Papapetrou et al. (2018) corresponds 

to 9.5% of the total energy consumption in the industrial sector in Europe. 

Table 2-2. Estimations of theoretical industrial waste heat potentials in Germany 

Source Approach 
Reference  

Temp (°C) 

Estimation 

(PJ/a) 

Reference 

Year 

Papapetrou et al. (2018) Top-Down N.A. 269.5 2015 

Brückner et al. (2017) Bottom-Up >35.0 223.0 2008 

I-ThERM Consortium (2016) Top-Down N.A. 321.1 2010 

Persson et al. (2014) Top-Down >90.0 566.0 2010 

Pehnt et al. (2010) Top-Down >60.0 476.0 2007 

Source:  Own table based on Papapetrou et al. (2018), Brückner et al. (2017), I-ThERM Consortium 

(2016), Persson et al. (2014) and Pehnt et al. (2010). 

As for Germany, the two dedicated studies by Brückner et al. (2017) and Pehnt et al. (2010) 

presented in Table 2-1, reported dissimilar values. Using a bottom-up approach and waste 

streams emission data from 81 000 data points in Germany, Brückner et al. (2017) calculated 

an IWH potential of 223.0 PJ/a which corresponded to 5.7% of the total industrial energy 

consumption in Germany in the reference year 2008, according to the Statistiches Bundesamt 

(2019). In contrast, Pehnt et al. (2010) estimated an IWH potential of 476.0 PJ/a, that is more 

than 2 times the value from Brückner et al. (2017). This is to be expected as Brückner et al. 

(2017) considered their value to be a lower limit for the German IWH potential. Other values 

for the German IWH potential (See Table 2-2) as reported by Papapetrou et al. (2018), I-

ThERM Consortium (2016) and Persson et al. (2014) in their European studies, are 269.5 PJ/a, 

321.1 PJ/a and 566.0 PJ/a, respectively. Although different, these values are in the same order 

of magnitude as the values from the dedicated (Germany-only) studies. The differences between 

the estimations can be explained by the different methodologies used in the studies and the 

various efficiency factors and data sets used for the estimations. An extended breakdown of the 

studies, in Table 2-1 is presented in Appendix F, including their methodologies, data sources 

and a Sankey diagram for the waste heat potential of the industrial sector worldwide based on 

Forman et al. (2016) . 

As a conclusion from the reviewed studies, at least 223.0 PJ/a of IWH are available in Germany, 

1 095.0 PJ/a in Europe and 31 902.0 PJ/a worldwide, which correspond to 5.7%, 9.5% and 30% 

of their total industrial energy consumption, respectively. The ratios of IWH to the total 

industrial energy consumption, illustrate the high efficiency of the energy use in the German 
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and European industrial sector in comparison with the rest of the world and the potential for 

improvements in the design of industrial processes around the world.  

2.3 Waste Heat Recovery Technologies 

Brückner et al. (2015) and later Chowdhury et al. (2018) categorize the WHR technologies into 

“active” and “passive” technologies. For Brückner et al. (2015), passive WHR technologies use 

the waste heat directly at the same, or at a lower temperature level, than the heat source 

temperature, while active WHR technologies use the heat at a higher temperature level than the 

heat source or transform the waste heat to another form of energy through the use of 

thermodynamic cycles. Chowdhury et al. (2018) modify the definitions to include innovative 

WHR technologies like thermoelectric generators and thermophotovoltaic devices. For 

Chowdhury et al. (2018) passive WHR technologies are those which require no significant 

energy input (mechanical, thermal or electrical) to operate, as on them, the heat moves 

spontaneously from a state of high temperature to a lower temperature level according to the 

Clausius’s formulation of the Second Law of Thermodynamics (Clausius 1854). On the other 

hand, active WHR technologies require a significant energy input to operate and typically are 

based on thermodynamic cycles. More recently, Xu et al. (2019) categorize WHR technologies 

into “direct use” technologies and “heat conversion” technologies, depending on the use of the 

heat. This classification roughly corresponds to the passive and active technologies as described 

by Brückner et al. (2015).  

Figure 2-1 presents a classification of industrial WHR technologies. This classification is based 

on the definitions of active and passive technologies according to Brückner et al. (2015). 

Chowdhury et al. (2018) and Oluleye (2015) also mention unconventional heat recovery 

technologies such as thermoelectric generators, supercritical CO2 cycles or trilateral cycles, in 

their classifications, but these technologies are only in development phase and have not been 

used in large scale industrial applications. These unconventional technologies are not 

considered in this dissertation. In the following sections, an overview of different industrial 

WHR technologies is presented. Special emphasis is placed on organic Rankine cycles, 

absorption chillers and heat storages, as they are the technologies to be integrated into heat 

exchanger networks with the use of the mathematical framework developed in Chapter 4. Steam 

cycles are not considered, as their investment costs are too high to be considered for most waste 

heat recovery applications and for temperatures lower than 300°C (at which most of the waste 

heat is available) ORCs efficiencies outperform those from steam cycles (Vanslambrouck et al. 

2012).  
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Figure 2-1.  Classification of industrial waste heat recovery technologies. 

Source: Own diagram based on Brückner et al. (2015). 

2.3.1 Heat Exchangers 

Heat exchangers are devices used to transfer thermal energy between substances, typically 

fluids (Abou Elmaaty et al. 2017). Although heat exchangers have been used in an extensive 

number of applications and sectors for a long time, even today, the thermal, economical, 

hydraulic and mechanical enhancement on the performance of heat exchangers is an active area 

of research. The basic principles for the design and operation of heat exchangers are covered in 

most process and chemical engineering textbooks. The reader is referred to Smith (2005) for 

more information about the basics of heat exchangers. In this work, the detailed design and 

selection of the optimal type of heat exchanger for a given process is not performed. Instead, 

the heat exchangers are assumed to be perfect countercurrent heat exchangers and are 

characterized by their heat transfer areas and heat transfer duties. 

2.3.2 Heat Distribution  

“One man’s trash is another man’s treasure” and IWH from an industrial plant can certainly be 

of value to other industries or neighboring buildings and communities. For centuries, industries, 

businesses and communities located in a close proximity have developed synergies through the 
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exchange of byproducts (materials, energy or resources). The networks generated by these 

interactions are now known as “Eco-Industrial Parks” or “Industrial Symbiosis” (Desrochers 

2001). Although the concept itself is centuries old, the modern use of the terms “Industrial 

Symbiosis” and “Eco-Industrial Parks”, emphasizes the environmental benefits of such 

synergies, and it can be traced to the studies published in the early 1990s about the industrial 

region of Kalundborg in Denmark, which since the 1960s developed a network of 

interrelationships for the exchange of byproducts between local companies in which also 

participates the municipality of Kalundborg (Chertow 2004). Recent reviews by Lawal et al. 

(2021) and Butturi et al. (2019) offer an overview of the recent developments and tools used in 

industrial symbiosis.  

For the exchange of IWH between neighboring plants, or between neighboring processes at an 

industrial site, Dhole and Linnhoff (1993) developed the concept of ”Total Site Analysis” 

(TSA) also known as “Total Site Heat Integration” (TSHI). They extended concepts and tools 

of “Pinch Analysis” (PA) in order to optimize the internal energy recovery in total sites, which 

they defined as “…factories incorporating several processes, serviced by and linked through a 

central utility system…”. The concept was later extended to include renewable energy sources 

as well as different heat sinks, such as large complex buildings, offices and residential areas, in 

what is also known as “Locally Integrated Energy Sectors” (LIES) (Perry et al. 2008). A recent 

review by Liew et al. (2017) presents the recent advances in this area of research.  

Industrial waste heat can also be used to generate hot water or low pressure steam to satisfy 

space heating and domestic hot water needs from different consumers by using a heat 

distribution network of insulated pipes. This is part of the more general concept of “District 

Heating” (DH) which includes other heat sources such as “Combined Heat and Power Plants” 

(CHP), biomass, solar thermal heat, geothermal, conventional boilers driven by fossil fuels or 

renewable energies, etc. (Mazhar et al. 2018). Although the use of district heating can be already 

found in the Middle Ages and some authors even suggest that it was used in Roman times 

(Wiltshire 2016), the modern concept of district heating can be traced to the steam distribution 

systems installed in New York and other US Cities in the 1870s and 1880s, many of which are 

still in use today (Werner 2017). Since then, the use of DH has expanded around the world and, 

by 2015, it provided 12% of all the heating and cooling requirements in the EU28 (Fraunhofer 

ISI et al. 2017). As for technological developments, the trend has been the replacement of steam 

with liquid water as heat carrier, the decrease of the transmission temperatures, the addition of 

district cooling networks, the use of prefabricated materials for the distribution pipes, and the 
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integration of heat pumps at the generation (Lund et al. 2014) and distribution levels (Buffa et 

al. 2019).  

The use of IWH for DH has particular challenges. IWH is often available at low temperatures 

unsuitable for the use in DH networks. Most of the DH networks operating currently have 

supply temperatures of at least 90°C, which means that the waste heat source has to be at a 

higher temperature. This discards a significant portion of the available IWH. According to Fang 

et al. (2015), there are three key issues for the use of IWH for DH: 1) the integration of IWH 

with different heat sources at different temperature levels, 2) the distance between the industrial 

sites and the heat consumers, and 3) the regulations and controls for the DH system due to the 

variable temporal availably of the IWH.  

The heterogeneous sources of IWH are a technical challenge for the optimal integration of the 

heat sources into the DH system, and, in most cases, only a single waste heat source or multiple 

waste heat sources in parallel are considered. This combination of multiple heat sources in 

parallel is simple but tends to be thermodynamically inefficient. The distance between the 

industrial sites and the heat consumers has also a significant influence on the feasibility of DH 

networks. Heat losses in heat distribution networks in Europe are between 5% and 20% of the 

heat fed to the system (Mathiesen et al. 2019) and increase with the distance between source 

and consumer. Considering economics, distances between industrial sites and heat consumers 

up to 30 km are recommended, but the maximum distance should be calculated in a case-by-

case basis, depending on the local conditions (Fang et al. 2013). Finally, the discrepancy 

between the temporal availability of the IWH and the heat demand at the district heating means 

that IWH can never be the only source of heat for a district heating network, but it can be used 

as base load source to cover the heating demand (Fang et al. 2015). 

In this work, neither Total Site Heat Integration nor District Heating are considered. The 

objective of the work is to optimize the waste heat recovery in industrial processes by the 

exclusive use of heat exchanger networks with or without heat storage and organic Rankine 

cycles or absorption chillers.  

2.3.3 Heat Storage 

Ausfelder et al. (2015) define storage systems as systems which: 1) collect energy in a 

controlled way (charge), 2) retain it during a certain time attached to a storage material 

(storage), and 3) after a given time, release the energy back also in a controlled manner 

(discharge). If the energy collected is thermal energy, the system is referred to as “Thermal 
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Energy Storage” (TES). The stored heat is used to match temporally or geographically the heat 

sources with the heat sinks (Miró et al. 2016). TES can be classified depending on the method 

for the storage of the thermal energy into physical and thermochemical processes (Jouhara et 

al. 2020). Thermal energy can be stored through physical processes by heating or cooling of a 

storage medium (sensible energy storage) or by inducing a phase change in the storage material 

(latent energy storage). On the other hand, thermochemical processes use thermally driven 

reversible chemical reactions or sorption processes to store thermal energy. Figure 2-2 presents 

this classification for TES. 

 

Figure 2-2.  Classification of Thermal Energy Storages (TES) according to the underlying storage processes.  

Source: Own diagram based on Jouhara et al. (2020). 

Sensible storage is by far the most used storage technology (Mewes et al. 2008), due to its 

maturity level (Nguyen et al. 2017), simplicity and low cost (Sarbu and Sebarchievici 2018). 

Water is the most common storage material and it is used extensively in low temperature 

applications (<100 °C), in residential and industrial sectors (International Renewable Energy 

Agency 2013). Thermal oils, molten salts and solid material such as sand-rocks minerals, 

concrete, etc. are also commonly used in certain applications (Dinker et al. 2017). The main 

disadvantages of the use of sensible storage are the low energy densities and variable heat 

transfer rates due to the variable heat transfer temperatures.  

Latent heat storage improves on these issues, as it takes place isothermally and the latent heat 

storage materials, also known as “Phase Change Materials” (PCM), have higher energy 

densities than the sensible storage materials, which leads to smaller space requirements for the 

storage (Jouhara et al. 2020). Higher costs and low thermal conductivities with the associated 

low heat transfer rates (Hofmann et al. 2019), are a barrier for the industrial implementation of 

latent heat storage and currently it is only used in niche industrial applications (e.g., ice storage), 

and research and pilot projects (Pieper 2019). For both the sensible and latent storage systems, 

some thermal losses during the storage time are unavoidable and limit the period of time that 
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heat can be stored. These heat losses are the product of imperfect insulation and can be 

minimized but not eradicated (Jarimi et al. 2019).  

Finally, thermochemical processes are characterized by high energy densities and low energy 

losses, as the heat is stored as chemical potential energy in the reactants instead of thermal 

energy (Bauer et al. 2012), but the systems are rather complex and expensive and they are 

currently in an early stage of development (Airò Farulla et al. 2020). Table 2-3 presents an 

overview of the different thermal energy storage technologies available.  

Table 2-3.  Overview of characteristic parameters for typical Thermal Energy Storage technologies. 

 Sensible  Latent Thermochemical 

Capacity (kWh/t) 10-50 50-150 120-250 

Power (MW) 0.001-10 0.001-1 0.01-1 

Efficiency (%) 50-90 75-90 75-100 

Storage period Days to Years Hours to Weeks Hours to Days 

Cost (€/kWh) 0.1-10 10-50 8-100 

Source:  Own table based on International Renewable Energy Agency (2013) 

TES based on physical processes can be also classified by its behavior during operation. Stoltze 

et al. (1995) categorize TES into “Fixed Temperature Variable Mass” (FTVM) storage, 

“Variable Temperature Fixed Mass” (VTFM) storage and “Fixed Temperature Fixed Mass” 

(FTFM) storage which are equivalent to latent heat storages. This classification has the 

advantage that the mathematical modeling of the heat content of storages of the same type is 

similar, that is, the change of enthalpy during charge or discharge for a given storage type can 

be described by similar equations. Table 2-4 presents generic descriptions of the change of 

enthalpy during charge or discharge for FTVM, VTFM and latent heat storages respectively. 

Table 2-4.  Change of enthalpy during charge/discharge for different storage types. 

Type of Storage Enthalpy Change during Charge/Discharge Equation Number 

FTVM  ∆𝐻𝑠𝑡 = 𝑇𝑠𝑡∆𝑀𝑠𝑡  𝑐𝑝𝑠𝑡  (2-1) 

VTFM  ∆𝐻𝑠𝑡 = 𝑀𝑠𝑡∆𝑇𝑠𝑡𝑐𝑝𝑠𝑡 (2-2) 

FTFM (Latent)  ∆𝐻𝑠𝑡 = 𝑀𝑠𝑡ℎ𝑝𝑐 (2-3) 

Source:  Own table based on Stoltze et al. (1995) 

In these expressions ∆𝐻𝑠𝑡  represents the change of enthalpy of the storage during charge or 

discharge, 𝑇𝑠𝑡 the temperature of the storage material, 𝑀𝑠𝑡 the mass of the storage, 𝑐𝑝𝑠𝑡 the 

specific heat capacity of the storage material and ℎ𝑝𝑐 the enthalpy of phase change (enthalpy of 

fusion/solidification or enthalpy of vaporization/condensation for solid/liquid and liquid/gas 

phase changes respectively).  

In this work and for the mathematical framework developed in Chapter 4, only FTVM storage 

is considered. This type of storage includes two-tank and multi-tank systems, stratified tanks 
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and packed bed storages. Two-tank and multi-tank systems, as their name suggested, are 

composed by two or more separated and insulated tanks, which are connected by a network of 

pipes and auxiliaries, typically pumps and valves to control the flow between the tanks (Roos 

and Haselbacher 2021). The storage material, typically a liquid, acts also as heat transfer fluid 

and it flows between the tanks releasing or absorbing sensible heat in a controlled way through 

heat exchangers located in the pipe network. During operation, the temperature of the storage 

fluid in the tanks remains constant and only the mass stored in each tanks changes. 

Stratified tanks work similarly to two-tank storage with two clear regions of hot and cold fluid, 

but instead of a solid physical separation, the regions are separated by a mixed temperature 

zone known as thermocline, which acts a barrier for the heat exchange between hot and cold 

fluids. Regions are generated due to the difference in density between the hot and cold fluids, 

with the cold zone at the bottom of the tank and the hot zone at the top (Koçak et al. 2020). For 

a given tank size, the size of thermocline negatively impacts the storage capacity of the tank 

and therefore measures are taken to minimize it (Fertahi et al. 2018). Some of this measures 

includes the addition of baffle plates, diffusors, the modification of the geometry of the tank 

and control of the operating conditions such as the velocity of charge or discharge of the storage 

fluid, etc. (Chandra and Matuska 2019).  

Packed bed storages are made of a tank or several tanks filled with a packing solid material 

which acts as storage medium, and a heat transfer fluid that flows though the tanks to charge or 

discharge the storage (Almendros-Ibáñez et al. 2019). The main advantages of these type of 

systems is that they can reach higher storage temperatures than liquid based storages due to the 

chemical stability of the solid materials and the improved thermal stratification in the case of 

single tank systems (Gautam and Saini 2020). 

The methodology developed in this work and the case studies provided in Chapter 5 are focused 

only on two-tank and multi-tank systems, as they facilitate the graphical representation of the 

storage system. For the purpose of this work, two-tank systems can be replaced by stratified 

tanks without loss of generality, but the objective functions should be adjusted to illustrate the 

differences in cost and storage volume between the technologies.  
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2.3.4 Waste Heat to Cooling  

2.3.4.1 Absorption Chillers 

Absorption refrigeration systems are thermally driven systems that generate a cooling effect 

through the use of low-grade temperature sources. Figure 2-3 presents a schematic 

representation of a typical single-effect “Absorption Chiller” (ABC) in a P-T diagram, in order 

to illustrate the relative position of pressures and temperatures in the system. The refrigeration 

cycle starts at the outlet from the absorber where a weak refrigerant solution (weak in solvent 

concentration) is pumped to the generator, where the refrigerant is separated from the solution 

in an endothermic desorption process. The refrigerant leaves the generator as a vapor and it 

flows to the condenser where it releases heat and exits as a liquid. The refrigerant is then 

expanded at the throttling valve decreasing its temperature and pressure and flows to the 

evaporator where it evaporates by absorbing heat from the environment (or fluid to be cooled), 

providing the cooling effect. The refrigerant leaves the evaporator as vapor and flows to the 

absorber where it is mixed with the strong refrigerant solution (strong in solvent concentration) 

returning from the generator and it is absorbed by the solution through an exothermic process. 

The newly generated weak refrigerant solution rejects the heat of absorption and it is cooled 

down before restarting the cycle again. An additional heat exchanger (SHEX) is used to recover 

heat from the strong solution returning to the absorber and preheat the weak solution flowing 

to the generator. 

 

Figure 2-3. Schematic representation of a single-effect absorption chiller  (not in scale). 

Source: Own diagram based on Nikbakhti et al. (2020) 
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Historically, the refrigeration effect of the absorption process has been known since the 1700s 

(Reif-Acherman 2012), but it was only in the late 1850s that the first commercial absorption 

refrigerator, using H2O/NH3 as working pair, was available, patented by French inventor 

Ferdinand Carré (Carré 1860). Although many pairs of refrigerant and absorbent have since 

then been suggested, most commercially available systems today use LiBr/H2O or H2O/NH3 as 

working pairs (Papadopoulos et al. 2020). 

In the case of LiBr/H2O as working pair, H2O acts as the refrigerant and LiBr as the solvent, 

which limits the minimum cooling temperature achievable in the system to 0°C (Freezing point 

of pure water for pressures ranging from its triple point 611.7 Pa up to ca. 20 MPa (Glasser 

2004)). For most industrial and space cooling applications, this temperature is low enough. For 

applications in which cooling to sub-zero temperatures is required, the H2O/NH3 pair is used, 

with NH3 acting as refrigerant and H2O as the solvent. In this case, a minimum cooling 

temperature of -77°C is possible. Recent reviews by Papadopoulos et al. (2019) and Sun et al. 

(2012) present a survey from other possible working pairs, including organic working pair 

mixtures, alcohols, inorganic salts and ionic liquids, etc., but most of them are only used in 

research and at lab-scale. Table 2-5 presents a comparison between the LiBr/H2O and H2O/NH3 

working pairs. 

Table 2-5. Comparison LiBr/H2O and H2O/NH3 working pairs for absorption refrigeration 

LiBr/H2O H2O/NH3 

Refrigerant H2O and solvent LiBr Refrigerant NH3 and solvent H2O 

Minimum refrigeration temperature 0°C (Freezing 

point of H2O) 

Minimum refrigeration temperature -77°C (Freezing 

point of NH3) 

LiBr forms solid crystals at high concentrations in the 

solution depending on the solution temperature 

(crystallization) 

No crystallization problems  

LiBr is non-volatile and therefore no rectifier is 

required 

Due to water volatility, it requires rectifier after 

generator to separate water vapor from NH3, in order 

to guaranty high purity of NH3 flowing to the 

condenser (>99.8%) 

H2O is non-toxic and has zero ozone depletion 

potential. LiBr can be corrosive to certain materials 

(e.g., Copper) 

NH3 is toxic and corrosive at high concentrations 

 

Cycle operates below the atmospheric pressure 

(vacuum conditions) 

Cycle operates at relatively high pressures 

Under similar operating conditions better performance 

than H2O/NH3 (COP = ~ 0.8 for single-effect) 

Under similar operating conditions worst performance 

than LiBr/H2O (COP = ~ 0.5 for single-effect) 

Source:  Own table based on Sun et al. (2012) 
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The performance of the absorption chiller is described through the “Coefficient of 

Performance” (COP), which is described as the ratio between the cooling output at the 

evaporator (𝑞𝑎𝑏𝑐𝑒) and the heating input required at the generator (𝑞𝑎𝑏𝑐𝑔) as presented in 

equation (2-4). Some authors also define an electrical coefficient of performance (COPel) which 

represents the ratio between the cooling output at the evaporator and the electrical requirement 

of the solution pump (equation (2-5)), which typically is negligible in comparison with the 

thermal input required in the generator (Wonchala et al. 2014). 

𝐶𝑂𝑃 =
𝑞𝑎𝑏𝑐𝑒

𝑞𝑎𝑏𝑐𝑔
  (2-4) 

𝐶𝑂𝑃𝑒𝑙 =
𝑞𝑎𝑏𝑐𝑒

𝑊𝑝𝑢𝑚𝑝
𝑎𝑏𝑐   (2-5) 

 

In order to improve the COP of the system, many modifications have been proposed to the 

single-effect ABC presented in Figure 2-3, including multi-effect cycles, GAX cycles and the 

addition of additional components such as refrigerant heat exchangers, ejectors, etc. (Nikbakhti 

et al. 2020). Multi-effect cycles combine single-effect absorption cycles in cascade, where the 

energy rejected at the condenser in a high temperature and pressure level serves as heat input 

to the generator of an absorption cycle at a lower level. Each additional level can operate to a 

higher temperature and take advantage of higher-grade energy sources. The simplest of the 

multi-effect cycles is the double-effect system as presented in Figure 2-4. In double-effect 

systems, the heat released in the condensation at the high temperature condenser is used to 

power the low temperature generator. Depending on the type of hydraulic connection between 

the generators, the systems can be classified as parallel, series or reverse (series) cycles. In the 

case of parallel cycles, the weak solution coming from the absorber is fed to the low temperature 

and high temperature simultaneously, while in the series configuration the weak solution flows 

first to the high temperature and then to the low temperature generator (vice versa in reverse 

cycles). For LiBr/H2O chillers, parallel cycles have the best thermal performance (Yang et al. 

2017). Double-effect ABCs have been commercially available since the 1950s but first efforts 

to improve their performance where only made during the oil crisis of the mid 1970s, with its 

corresponding high energy prices (Vliet et al. 1980). Typically, double-effect refrigeration 

cycles have higher COPs compared with the single-effect cycles (almost double) and slightly 

higher exergetic efficiencies (Gomri 2009). Similarly, triple-effect and other multi-effect cycles 

have been also studied since the 1980s (Alefeld 1983, 1982) with different configurations 

proposed and are characterized by decreasing improvements in COP and exergetic efficiencies 

with each additional stage (Gomri 2010). 
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Figure 2-4. Schematic representation of double-effect absorption chiller. In diagram reverse cycle. 

Source: Own diagram based on Nikbakhti et al. (2020) 

In the case of H2O/NH3 absorption chillers, an overlap between the generation and absorption 

temperatures allows the integration of direct heat exchangers between the generator and the 

absorber (GAX Cycles) to take advantage of the heat released at the absorber (Jawahar and 

Saravanan 2010). This cycle optimizes the internal heat recovery inside of the absorption cycle 

and it has been proved to be thermodynamically optimal according to the pinch method (Chen 

et al. 2017). Additional components for the single-effect cycle have also been proposed. Sözen 

(2001) studied the addition of a refrigerant heat exchanger (RHEX) between the refrigerant 

flowing to the condenser and flowing to the absorber, but found almost no improvements in the 

performance of the cycle. Chen (1988) and Sun et al. (1996) proposed the addition of ejectors 

at the entrance to the absorber and at the entrance to the condenser, respectively and found that 

the systems are equivalent to multi-stage cycles, but with less components. A recent work by 

Nikbakhti et al. (2020) presents a comprehensive review of different techniques for the 

improvement of the energy performance of absorption cycles.  

In this work only single-effect ABCs with LiBr/H2O as working pair are considered. The 

selection is based on their suitability for most process applications with temperatures above 

0°C, the higher COPs in comparison with the H2O/NH3 chillers and the simplicity of the design 

(no rectifier).  

ABSORBER

GENERATOR

SHEX

CONDENSER

EVAPORATOR

abcaq

abccq

abceq

HIGH 
TEMPERATURE 

GENERATOR

SHEX

HIGH 
TEMPERATURE 

CONDENSER

abcgq

( ) ( )abcc abcgq HT q LT=



 Fundamentals 31 

As mentioned in Table 2-5, crystallization is the main operational problem of the LiBr/H2O 

working pair, as it decreases the performance of the system and could cause a blockade of the 

circulation of the solution due to the solidification of the LiBr. The critical component for the 

crystallization is the absorber, as the strong solution returning from the generator is expanded 

before entering it. This creates a situation where a high concentration of LiBr and low 

temperatures in the solution, due to throttling, take place simultaneously and therefore the LiBr 

in the solution is susceptible to crystallize. According to Liao and Radermacher (2007) the six 

major causes for crystallization in LiBr/H2O systems are: 1) high absorber and condenser 

temperatures, 2) low absorber and condenser temperatures combined with full load operation, 

3) air leakages or non-absorbable gases generated due to corrosion in the pipes, 4) high 

temperatures in the generator, 5) failed dilution after shutdown when the machine cools down 

to ambient temperature, and 6) too low evaporation temperatures for given condensation and 

absorption temperatures. In general, a strict control of the operating temperatures and 

concentrations of LiBr in the solution is required to avoid crystallization. In this work, such 

control is not considered and as a simplified approach the mass concentration of LiBr in the 

solution is kept between 40% and 70% at all times, which corresponds to the usual operating 

concentrations in absorption machines (Kaita 2001).  

A detailed simulation of the single-effect LiBr/H2O ABC is presented in Appendix A. Fit 

functions are generated from the results of the simulation in order to simplify the mathematical 

modeling of the ABC. These fit functions are used in the models developed in Chapter 4 for the 

integration of ABCs into HENs.  

2.3.4.2 Adsorption Chillers 

Similar to ABCs, adsorption chillers take advantage of the thermally activated adsorption 

process to drive the refrigeration cycle (Sarbu and Sebarchievici 2015). In the adsorption 

process, an adsorption bed filled with solid adsorbent releases or adsorbs refrigerant vapor 

depending on the temperature of the bed. If a heat source is used to heat the bed, the adsorbent 

increases its internal pressure and temperature and then releases the vapor refrigerant after 

enough thermal energy is provided. The vapor refrigerant at high pressure is then condensed 

and expanded similar to the vapor compression and absorption processes, generating the 

cooling effect. In the other hand, if heat is extracted from the bed through a cooling medium, 

the adsorbent decreases its internal pressure and temperature and adsorbs the vapor refrigerant 

to restart the cycle (Fernandes et al. 2014). As the adsorption and desorption processes cannot 
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take place simultaneously in the same adsorbent bed, a minimum of two beds is required to 

guarantee the continuous operation of the cycle. 

 Adsorption chillers are characterized by low COPs in comparison to absorption or vapor 

compression cycles (COP = ~0.15) but their construction is simple, and the lack of 

crystallization problems or moving part makes them attractive for certain applications. Recent 

reviews by Shmroukh et al. (2015) and Ojha et al. (2020) provide information about possible 

working pairs (solid adsorbent/fluid refrigerant) and recent advancements in the research, 

respectively. Additionally, Choudhury et al. (2010) presents a historical review of adsorption 

refrigeration technologies from the 1920s (air conditioning using silica gel) until 2010, 

including the influential work by Tchernev (1978) and its pioneer work in the use of zeolite-

water working pairs.  

2.3.5 Waste Heat to Power  

2.3.5.1 Organic Rankine Cycle (ORC) 

“Organic Rankine Cycles” or ORCs are closed power generation cycles based on the traditional 

Rankine cycle (or steam cycle), that use organic fluids instead of steam as working fluid. The 

idea of using organic fluids instead of water to drive traditional power cycles dates back to the 

beginning of the 19th century, where it was suggested the use of “ether”4 or “alcohol5” to replace 

steam in steam reciprocating engines due to their lower boiling points and low latent heat of 

evaporation at atmospheric pressure. By 1830, it had been already suggested that the low 

specific volumes of the vapors generated by the evaporation of alcohol and ether offset any gain 

from the low boiling temperatures and low latent heat of evaporation, and therefore water was 

more suitable for the steam cycle (Ainger 1830). On the other hand, Ainger (1830) also 

proposed the use of cascading steam cycles using working fluids with different evaporation 

temperatures, so that the energy rejected at the condenser of one cycle could drive the 

evaporation of another working fluid at a lower temperature, but technical limitations at that 

time made that kind of cascade system unattractive.  

The first commercial application of organic fluids in engines on record is the Du Trembley 

Combined Vapor Engine (Fulton 1851) fabricated at the Novelty Iron Works of Stillman, Allen 

& Co. in New York. The maritime reciprocating engine combined 2 cylinders with pistons, one 

 

4 Referred to the compound known today as Diethyl ether (C2H5-O- C2H). 
5 Referred to Ethanol (C2H5-OH) 
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cylinder operating with water and the other with “perchloride”6. The energy rejected by the 

condensation of water in one cylinder was used to drive the evaporation of the perchloride in 

the other one in a cascading cycle. Other working fluids tested were “ether”, “chloroform” and 

“sulphur of carbon”7. Similar systems were developed for niche applications in maritime and 

solar thermal projects in the late 1800s and early 1900s but advances in the design of high 

pressure reciprocating engines and the development of steam turbines, as well as accidents due 

to the use of flammable and explosive fluids, diminished the interest in the use of organic fluids 

in power generation applications (Bronicki 2017). 

The modern study of ORCs dates from the late 1950s and early 1960s driven by the study of 

solar thermal engines at the National Physical Laboratory of Israel in Jerusalem. There, Tabor, 

Bronicki (1961) studied the use of basic and recuperative ORCs using small turbines for the 

harnessing of solar energy. Later, the same authors developed scientific criteria for the selection 

of working fluids for power cycles at low to medium temperatures (below 200°C) and 

established that the systems should operate turbines instead of reciprocating engines, due to 

their low maintenance, high reliability, easy control and lubrication and large volumetric 

expansion (Tabor and Bronicki 1965). The developments at the laboratory lead to the creation 

of ORMAT in 1964, the first company specialized in the design, developing and operation of 

turbines and general ORCs equipment, currently the market leader and operating predominantly 

in the fields of geothermal generation and waste heat recovery (Ormat Technologies Inc. 2020).  

Currently, at least a dozen companies commercialize ORC systems for different applications 

(mainly biomass, geothermal, solar and WHR) with at least 2700 MW of total installed capacity 

worldwide (by 2017). Although still a niche market, and heavily dependent on fossil fuel prices 

for its economic viability, the increasing interest in renewable energies and sustainability, 

makes ORCs a commercially attractive technology for current and future power generation 

applications (Tartière and Astolfi 2017). Recent works by Bronicki (2017) and Tartière and 

Astolfi (2017) offer a historical perspective of the development of ORC technologies and 

insights in their current market size and futures perspectives. 

From a technical perspective, the ORCs are similar to traditional Rankine cycles used in most 

power plants around the world. A schematic representation and a T-s diagram illustrating the 

cycle for a pure working fluid are presented in Figure 2-5. The cycle starts in point (1), where 

 

6 Probably referred to perchlorate ion (ClO4
- ) 

7 Currently known as carbon disulfide (CS2) 
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the working fluid enters the pump as a saturated liquid and its pressure is elevated until the 

evaporation pressure. Ideally, the process is isentropic (2s) but in real operation irreversibilities 

in the pump are unavoidable (2). The working fluid at the evaporation pressure is then heated 

and evaporated in the evaporator, leaving it as a saturated vapor (3). The saturated vapor is 

expanded in the expander (typically a turbine) leaving it as a superheated vapor at the 

condensation pressure. Again, the ideal process is isentropic (4s) but irreversibilities in the 

turbine are also unavoidable in real operation (4). Finally, the superheated vapor is cooled in 

the condenser where it rejects its excess heat, leaving the condenser as a saturated liquid to 

restart the cycle (1). Other configurations aside from the basic ORC presented in Figure 2-5 

have also been proposed. Preheating the working fluid entering the evaporator with heat from 

the fluid at the exit from the expander (referred as recuperative cycle) is a common 

configuration also used in commercial applications. Other more complex configurations based 

on the traditional Rankine cycle (with turbine bleeding also known as regenerative cycle, 

superheating, multiple expansions, reheating etc.) have also been studied but the increased 

capital costs, increased complexity and generally small improvements in the efficiency of the 

cycle made these configurations unattractive for many practical applications (Shu et al. 2014; 

Braimakis and Karellas 2018). In this work, only the basic ORC configuration are considered 

in the methodology developed in Chapter 4, due to its simplicity and good thermoeconomic 

performance (Imran et al. 2014; Branchini et al. 2013). The integration of complex ORC 

configurations in the methodology is proposed as a future work. Recent reviews by Mahmoudi 

et al. (2018) and Lecompte et al. (2015) present comprehensive descriptions of the different 

ORC configurations used in waste heat recovery applications.  

One of the main factors influencing the performance of the ORC cycle is the working fluid. 

Depending on the shape of their T-s diagram, fluids can be characterized as ‘dry’, ‘isentropic’ 

or ‘wet’ working fluids. Dry working fluids have mainly a positive slope (
𝑑𝑇

𝑑𝑠
> 0) in the 

saturated vapor part of their curve (red in Figure 2-6). That means that an isentropic expansion 

of the saturated vapor entering the turbine produces a superheated vapor and therefore no liquid 

droplets interfere with the operation of the expander (Hung 2001). As for isentropic (
𝑑𝑇

𝑑𝑠
= 0) 

and wet fluids (
𝑑𝑇

𝑑𝑠
< 0), an isentropic expansion of the saturated vapor entering the turbine 

produces saturated vapor or a liquid-vapor mix, respectively. Dry and isentropic fluids are 

preferred for most ORC applications, as no liquid droplets are generated during the expansion 

(Liu et al. 2004).  



 Fundamentals 35 

 

 

Evaporator

Condenser

evapq

condq

turbw
pumpw

1

2

3

4

 

a) Schematic representation of a basic ORC Cycle 

 

b) T-s Diagram of a basic ORC cycle 

Figure 2-5. Basic ORC cycle 

Source: Own diagrams based on Hung (2001). 
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Figure 2-6. Types of working fluids according to their T-s diagram 

Source:  Own diagram based on Mikielewicz and Mikielewicz (2010) 

Combinations of pure working fluids with different evaporation temperatures at the same 

pressure, known as zeotropic mixtures, have also been studied. Their main difference with pure 

working fluids is that the evaporation and condensation processes do not take place 

isothermally. By manipulating the composition of the mixture, it is also possible to generate 

working fluids with the desirable thermophysical, environmental and safety properties for a 

given application (Chys et al. 2012). Additionally, the variable temperature at the evaporation 

and condensation stages allows the cycle to follow closer the temperature profile of the heat 

sources. This feature decreases the irreversibilities in the cycle during heat transfer (exergy 

destruction) increasing its second law efficiency (Lecompte et al. 2014).  

The optimal selection of a working fluid for a given application is a complex task. The optimal 

working fluid should have not only a good thermophysical behavior and chemical and thermal 

stability but also fulfill ever increasing environmental and safety requirements. Multiple studies 

have been performed studying the selection of working fluids under different conditions, and 

using different criteria. Thurairaja et al. (2019) studied 82 different working fluids and 

compared their thermal efficiency in a basic ORC cycle at different evaporation temperatures 

(between 30°C to 320°C) and generated recommendations for the selection of working fluids 

according to the evaporation temperature. Kermani et al. (2018) developed an interactive tool 

to visualize the properties of 84 working fluids for waste heat recovery applications. Darvish et 

al. (2015) analyzed 9 working fluids for a regenerative ORC cycle using energy and exergy 

efficiencies at fixed operating conditions and found that R134a and iso-butane have the best 

energy and exergy efficiencies at a evaporation temperature of 120°C. Feng et al. (2015) 
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performed a thermoeconomic comparison between the pure working fluids and zeotropic 

mixtures of R227ea and R245fa in basic ORC cycles and found that mixtures with an optimal 

mass fraction in composition have a better thermoeconomic performance than pure fluids. 

Vivian et al. (2015) studied the thermal efficiency of 27 pure working fluids at 3 different ORC 

configurations with heat sources at different temperatures and concluded that the performance 

of the cycle depends on the difference between the starting temperature of the heat source and 

the critical temperature of the working fluid, with the best results for temperature differences 

between 35°C and 55°C for basic ORC cycles. 

Lecompte et al. (2014) studied 8 pure fluid and 8 zeotropic mixtures in basic and regenerative 

cycles at fixed conditions and determined that mixtures have better exergy efficiencies. They 

also established that for each mixture an optimal composition exists that maximizes the exergy 

efficiency. Similar studies and results for zeotropic mixtures with different fluids and 

compositions are presented by Chys et al. (2012) and Heberle et al. (2012). Stijepovic et al. 

(2012) concluded that mainly 5 thermophysical properties affect the thermal efficiency of a 

working fluid : the expansion ratio in the turbine, the heat capacity of ideal gas, the molar mass, 

the compressibility factor and the density of the saturated liquid. Rayegan and Tao (2011) 

studied 34 working fluids for solar thermal applications and classify them according to energy 

and exergy efficiencies, as well as net power generated and vapor expansion ration in the 

turbines. Similar studies for solar thermal applications have been presented by Hung et al. 

(2010) and Tchanche et al. (2009). For ORC applications in WHR from internal combustion 

engines in vehicles, a study was presented by Wang et al. (2011). 

As evident from the mentioned studies, no single working fluid or evaluation criteria has been 

established for the optimal selection of organic working fluids. Depending on the operating 

conditions and environmental and safety factors, the best working fluid for a given application 

has to be determined. For the case studies in Chapter 5, only a selected number of working 

fluids is considered. This selection does not represent all the possible working fluids that could 

be used for the case studies. As long as their thermophysical properties are available, the 

methodology developed in Chapter 4 can be applied to any pure dry working fluid. 

Additionally, no rigorous optimization of the operating parameters in the ORC cycle is 

performed. Appendix B presents a list of the working fluids considered in the case studies in 

Chapter 5, with some of their thermophysical properties. 

Another relevant factor for the design of ORC systems is the selection of the expander. In 

general, the design of the expander influences the isentropic efficiency of the expansion, the 
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cost and size of the system and the operating parameters of the cycle. Different expander 

technologies have been proposed, but they can be classified in two main groups: turbo 

expanders, also known as velocity type (e.g., axial and radial flow turbines) and volumetric 

expanders also referred to as positive displacement type (e.g., scroll expanders, screw 

expanders, rotary vane expanders, piston expanders) (Quoilin 2011). Turbo expanders are 

similar to steam turbines and are characterized by high rotational speeds, compact and simple 

structure, and high efficiencies. They are preferred for applications with power outputs higher 

than 50 kWel, but for lower power outputs their performance decreases rapidly (Qiu et al. 2011). 

For small-scale applications, volumetric expanders are preferred. They are characterized by 

lower flow rates, higher pressure ratios and lower rotational speeds than turbo expanders. 

Additionally, some volumetric expanders (e.g., Screw and scroll expanders) can operate with 

wet working fluids (Kolasiński 2020). Bao and Zhao (2013) present a review of expander 

technologies for ORC. In this work, the expander technology is not considered and the 

performance of the expander is described only by their isentropic efficiency. 

2.3.5.2 Kalina Cycle  

Kalina cycle (Kalina 1984) is a power generation cycle based on the use of a zeotropic mixture 

of ammonia-water (NH3/H2O). Similar to zeotropic mixtures of organic fluids in ORC, the main 

advantage of the Kalina cycle is the variable temperature at the evaporation and condensation 

stages, with the associated increases in second law efficiencies. The cycle is similar to the ORC 

cycle with compression, evaporation, expansion and condensation stages, but also includes 

additional stages due to the handling and manipulation of the NH3/H2O mixture. The additional 

stages include mixing, separation, and preheating stages. The exact configuration of the cycle 

is flexible and depends on the application, the main common feature is the use of the NH3/H2O 

mixture as working fluid. The composition of the NH3/H2O mixture varies during the cycle 

with higher NH3 concentration in the evaporation stage and lower concentrations during 

condensation. 

In general, Kalina cycles tend to have slightly better thermal performances than ORC cycles 

but their complex design and operation, high operating pressures and the requirement of non-

corrosive material due to the NH3, limit their use in practical applications (Zhang et al. 2012; 

Modi and Haglind 2017).  
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2.3.6 Waste Heat to Heating (Heat Pumps) 

From a historical and technological perspective, heat pumps share the same origins and 

fundamental principles than refrigeration technologies, but they operate in a reverse cycle. Up 

until the oil crisis in 1973 and due to low energy prices and the large availability of fossil fuels, 

almost all heating requirements in residential, commercial and industrial applications 

worldwide were supplied by other technologies, mainly steam networks and typical coal, 

biomass and gas driven boilers. The oil crisis had a deep impact on the worldwide views on 

energy and energy efficiency, alternative energies sources and energy security became part of 

the public and political priorities of governments worldwide and there was a boom on the 

research and installation of heat pumps on residential, commercial and industrial applications 

(Zogg 2008). The use and integration of heat pumps in industrial processes is an active field of 

research. An analysis of heat pump technologies, their industrial applications and their 

economic and technical potentials it is out of the scope of this work. The reader is referred to a 

recent work by Wolf (2017) for an in-depth study of the integration of heat pumps in industrial 

systems.  

2.4 Process Integration  

The Handbook of Process Integration defines “Process Integration” (PI) as a “…family of 

methodologies for combining operations within a process or several processes to reduce 

consumption of resources and/or harmful emissions…” (Varbanov 2013). Similarly, the IEA 

defines PI as the "…systematic and general methods for designing integrated production 

systems, ranging from individual processes to total sites, with special emphasis on the efficient 

use of energy and reducing environmental effects…" (Gundersen 2002). From these definitions 

it is clear that PI is a group of methodologies for the combination and integration of processes 

in order to reduce their resource intensity and emissions. Although initially developed for the 

synthesis of heat exchanger networks (HENs), that is, for the optimization of thermal energy 

flows in single processes (Heat Integration) (Linnhoff and Flower 1978a, 1978b; Linnhoff 

1979) and then the combined heat and power (CHP) in total sites (Dhole and Linnhoff 1993), 

the current scope includes other resources and processes such as mass flow (Mass Integration) 

(El-Halwagi and Manousiouthakis 1989), hydrogen (Alves and Towler 2002), oxygen (Zhelev 

and Ntlhakana 1999), supply chain flows (Singhvi and Shenoy 2002), material reuse (Foo et al. 

2006), carbon footprint (Tan and Foo 2007), etc. A recent review by Klemeš et al. (2018) 

presents the current developments on 15 different fields of application of Pinch Analysis (PA), 
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which is the main tool of Process Integration and sometimes is used as a synonym. In this work, 

the term “Process Integration” is used as stated by the IEA and refers to “… systematic and 

general methods for designing integrated production systems…”. The design of systems 

integrating ORCs and ABCs into HENs is then considered as part of the field of study of 

“Process Integration”.  

2.4.1 Pinch Analysis 

Gundersen (2002) defines “Pinch Analysis” (PA) as a tool that provides information about the 

flow of a quantity in a process. The quantity or amount (e.g., heat or mass) is characterized by 

a quality (e.g., temperature, concentration, etc.). Three main elements are basic for PA: (1) 

“Composite Curves” (CC) that are used to represent graphically the quantity flows in the system 

and provide an overview of the state of the process; (2) “Performance Targets” based on 

physical insights obtained through analysis of the Composite Curves or algorithmic methods 

like the “Problem Table Algorithm” (PTA) and (3) a “Pinch Decomposition”, that separates the 

system at the pinch point in “excess” or “deficit” regions with respect to the quality considered. 

In the case of “Heat Integration”, the quantity and quality are heat or more precisely, enthalpy 

and temperature, respectively, and the objective of PA is to generate or “synthesize” optimal 

heat exchanger networks. An optimal HEN is a reliable and safe HEN design with a minimum 

“Total Annualized Cost” (TAC). As the direct optimization of TAC using only PA is not 

possible, this objective is substituted by “near optimal” HEN designs with minimum utility 

targets, minimum number of units or matches, and minimum heat transfer areas, which are 

related calculations that are attainable with PA tools. The set of rules and heuristics procedures 

used to generate system designs using the principles of PA is known as “Pinch Design Method” 

(Linnhoff and Hindmarsh 1983). 

The “Composite Curves” and “Performances Targets” were first presented by Hohmann (1971) 

in its PhD Thesis at the University of Southern California but it wasn’t until two articles 

published by Linnhoff and Flower (1978a, 1978b) and then the PhD thesis by Linnhoff (1979) 

that the pinch point decomposition was identified and the practical potential of PA for the 

synthesis of HEN was recognized (Linnhoff and Hindmarsh 1983). Pinch point(s) or simply 

“pinch”, is defined in the Handbook of Process Integration (Varbanov 2013) as “…the 

location(s) in the problem where the process driving force is equal to the minimum allowed…”. 

For thermal systems, the driving force is the temperature difference between the hot and cold 

process streams. The fundamentals of PA and its utilization have been covered extensively in 

many publications and are not presented in detail in this work. For more information about PA 
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please refer to reference books and manuals such as Kemp (2007), Klemes (2013) and Brunner 

et al. (2015). 

2.4.2 Mathematical Programming 

Parallel to the development of PA techniques, a mathematical approach based on mathematical 

optimization techniques also known as “Mathematical Programming” (MP) was developed for 

the synthesis of HEN. The main advantage of MP is the optimality, feasibility and integrality 

of the solutions (Klemeš et al. 2013). The optimality can be related to one or multiple objective 

functions and trade-offs and complex interactions between the different components and 

subsystems can be studied and evaluated in a direct and flexible way. The main drawbacks of 

MP are the lack of global optimization techniques for complex models, the relative difficulty 

for the formulation of the mathematical problem and the difficult interpretation and analysis of 

the results. While PA is intuitive and presents a clear graphical indication of the state of the 

system, the interpretation and analysis of the MP results requires relatively advance knowledge 

of the mathematical model and the optimization technique and strategies used, which limits its 

application in industrial scale problems (Klemeš and Kravanja 2013). Klemeš and Kravanja 

(2013) presented a comparison between PA and MP and concluded that a combination of both 

techniques for real life applications could lead to improved industrial designs, as PA is already 

a standard practice in many industries and its results can be refined and improved with the use 

of MP techniques.  

MP approaches for the synthesis of HEN can be classified as sequential or simultaneous 

methods. Sequential methods divide the HEN synthesis problem in subproblems, which are 

solved sequentially, with the results of one subproblems serving as input information for the 

next one. Typically, the subproblems are three: (1) the minimization of the utility consumption; 

(2) the minimum number of units or matches and (3) the minimum heat transfer area or 

investment cost. In the case of simultaneous models, the objective function is typically the 

minimum “Total Annualized Cost” (TAC) and the models consider simultaneously all the 

trade-offs and interactions between the different components in the system.  

The three subproblems for sequential methods resemble the targets calculations in Pinch 

Analysis. Each of the subproblems is solved independently using different mathematical 

formulations. Mathematical models for the minimum utility consumption problem were 

proposed independently by Papoulias and Grossmann (1983) and Cerda et al. (1983) based on 

the transshipment and transportation problems of operational research, respectively. In both 
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models, the resulting problem is a “Linear Programming” (LP) problem, of which the 

transshipment model is the most known formulation. Similarly, mathematical formulations for 

the problem of the minimum number of matches were also proposed by Papoulias and 

Grossmann (1983) and Cerda and Westerburg (1983) again based on the transshipment and 

transportation problems. The resulting formulations are “Mixed Integer Linear Programming” 

(MILP) problems. Finally, for the third problem, the minimum investment cost is typically 

solved using the formulation by Floudas et al. (1986), which results in an “Non Linear 

Programming” (NLP) problem. Similarly, the models generated in the simultaneous approach 

also have different mathematical formulations, the most known being the “Hyperstructure” 

(Ciric and Floudas 1991) and the “stage-wise superstructure” more commonly referred as 

“SYNHEAT” model (Yee and Grossmann 1990). In both cases, the resulting problems are 

“Mixed Integer Non Linear Programming” (MINLP) problems. Both MINLP formulations for 

HEN synthesis as well as the MILP formulation for the minimum number of matches in the 

sequential methods have been proved NP-Hard problems in the strong sense, which means that 

no known algorithm provides exact solutions in a computationally efficient way (polynomial 

time8) (Furman and Sahinidis 2001).  

In general, sequential methods tend to be faster and easier to implement but, similarly to PA, 

they generate sub-optimal solutions and do not take into consideration the tradeoffs in the 

system. Simultaneous methods, on the other hand, tend to generate better results but they are 

computationally demanding and global optimization techniques tend to get trapped in local 

optima. A comparative study by Escobar and Trierweiler (2013) concluded that from all MP 

methods available, SYNHEAT tends to provide the best results even with the isothermal mixing 

assumption, and with appropriated initialization procedures, the flexibility and robustness of 

the model allows to generate good local optima relatively fast.  

In this work a purely MP approach is used for the design of systems integrating HEN, ORCs 

and ABCs for continuous and discontinuous processes with and without FTVM heat storage. 

MP is the best option in this case, due to the high number of subsystems and complex interaction 

between them. PA tools such as “Performance Targets”, “Composite Curves” and “Grand 

Composite Curves” (GCC) are used to facilitate the understanding of the case studies presented 

in Chapter 5, but the results are based on purely mathematical considerations. 

 

8 Furman and Sahinidis 2001 define polynomial time algorithms as “…algorithms whose run time is polynomially 

bounded in the size of input and the logarithm of the size of the input values…” . 
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2.5 Process Integration in Discontinuous Processes 

The methods and approaches discussed in section 2.4 were all developed originally for 

continuous processes but they have been extended to analyze systems with discontinuous 

operation. As the name suggested, discontinuous processes are characterized by intervals or 

periods of operation where the operating conditions, the streams involved and/or the processing 

units, change. The terms “batch” and “multi-period” processes have been used to describe 

processes with discontinuous operation. Becker (2012) differentiates between batch and multi-

period processes, indicating that although the distinction is not always evident, multi-period 

processes refer to processes with different scenarios, periods of operation, or operating states. 

In this case, no time dependence is considered and each scenario is independent of the others. 

Processes with clear periods of operation and with their own specific operating conditions are 

multi-period. Seasonal and monthly variations, workday/weekend operations or shift work are 

typical examples of multi-period processes and are also known as “semi-continuous” processes. 

Batch processes are also characterized by periods or intervals of operation, but there is a time 

dependency between them. Some processes cannot start until other are finished and in most 

cases processes share operating units. Time limitations have to be considered at the design and 

operation of batch processes and they are characterized by short periods of operation, and a 

sequence of predetermined discrete tasks (recipe) that have to be followed to transform raw 

materials into products (Barker et al. 2005). Typical examples of batch processes are those in 

the pharmaceutical industry, the production of specialty chemicals and processes in food and 

beverage industry like breweries and dairies. In this work, batch processes with fixed schedules 

are treated as multi-period processes, as in that case the time dependency between the intervals 

or periods of operation can be ignored.  

The two main tools for PA in discontinuous processes are the “Time Average Model” (TAM) 

and the “Time Slice Model” (TSM) developed by Linnhoff March Ltd. in the late 80s (Clayton 

1986; Linnhoff et al. 1988). In the TAM, the heat flows are averaged over a cycle of operation 

and the system is treated as a continuous process with process streams with the same initial and 

target temperatures as in the batch process and heat flows capacities equal to the weighted time 

averages of the heat flows capacities during the cycle. On the other hand, TSM treats each 

period of operation, also referred as time intervals, independently of each other and the energy 

targets and pinch temperatures are calculated for each time interval also independently with 

cycle targets equal to the sum of the energy targets in each interval. The TAM targets represent 

an upper limit to the heat recovery in the process (best case) and are only attainable with 
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sufficient heat storage and no time/scheduling constraints in the system. The TSM targets 

represent the best attainable energy recovery only using direct heat integration (no storage and 

no rescheduling). 

A popular extension of the TSM model is the “Cascade Analysis” proposed by Kemp (1990). 

The cascade analysis takes advantage of the different pinch temperatures in each of the time 

intervals according to the TSM and evaluates the possibility of heat transfer from below the 

pinch temperature in an interval to above the pinch on another interval. In this case, energy 

from below the pinch in an interval can be stored to be later released and used above the pinch 

in another time interval with a lower pinch temperature, so that the effective heat transfer takes 

place always above the pinch. Cascade analysis can be used to evaluate fixed-temperature 

storage options and rescheduling opportunities and its results match those of TAM if the number 

of storages is big enough and the same minimum approach temperature is used between process 

streams and between process streams and heat storages.  

Other pinch-based techniques have been proposed in order to facilitate the design of the 

required heat storages for a given discontinuous processes. Stoltze et al. (1995) found that a 

low number of heat storages is sufficient to reach the TAM targets in many industrial cases 

(between 2 and 6 storages for the cases evaluated) and proposed a combinatorial method for the 

synthesis of HEN integrating streams and heat storages. This method, later referred as 

“Permutation Method”, assumes initially that two FTVM storages are available and generates 

the corresponding HEN, then the number of storages units is increased by one, and again a HEN 

is generated. The process continues until the design is able to achieve the TAM targets or all 

the possible combinations/permutations are evaluated. The maximum number of storages to be 

evaluated is equal to twice the number of process streams, but as mentioned before, a low 

number of storages is sufficient to reach the TAM targets. As for storage temperatures, all the 

possible combinations between the initial and end temperature of the process streams (corrected 

by Δ𝑇𝑚𝑖𝑛) can be used. Krummenacher and Favrat (2001) presented a graphical method based 

on modified CCs to calculate the minimum number of storage units required to achieve the 

TAM targets or a given level of energy recovery. Krummenacher (1999) also proposed a 

metaheuristic method based on “Genetic Algorithms” (GA) for the synthesis of batch HENs 

with or without heat storage. Atkins et al. (2010) extended the use of pinch-based techniques to 

total sites and used it to integrate multi-period (semi-continuous) processes in a milk powder 

plant using stratified storage tanks and “Heat Recovery Loops” (HRL). Later, the same research 

group extended the methodology to account for dynamic effects in the HRL (Atkins et al. 2012), 

the optimization of the heat transfer areas in the HEN (Walmsley et al. 2013b) and the 
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integration of solar energy and variable temperature storages (Walmsley et al. 2014). A 

comprehensive explanation of the methodology is available in the Handbook of Process 

Integration (Walmsley et al. 2013a). Recent works by Olsen et al. (2017) and Abdelouadoud et 

al. (2019) extended the graphical tools developed by Krummenacher and Favrat (2001) to 

facilitate the design and evaluation of heat storages including economic and practical 

considerations and Stampfli et al. (2020) presented a LP model that complemented the graphical 

approach in order to evaluate heat storage when there are volume constraints.  

Parallel to pinch-based techniques, mathematical programming approaches for the design of 

discontinuous HENs have been also developed. In most cases, MP approaches treat batch and 

multi-period HEN methods separately. In the case of batch HEN synthesis, Vaselenak et al. 

(1986) presented a heuristic and a MILP algorithm to match processing units (tanks) requiring 

heating and cooling in batch processes. The work can be considered as a pioneer work in direct 

heat integration in batch processes using MP. Corominas et al. (1993, 1994) presented a 

methodology combining heuristics and an MILP formulation for the design of batch HENs in 

multiproduct/multipurpose, maximizing energy recovery using direct heat integration and 

rescheduling. The heuristics are used to evaluate rescheduling opportunities and the MILP for 

the calculation of the optimal matches between process streams. Papageorgiou et al. (1994) 

combines the scheduling and heat integration problems using a MINLP formulation for direct 

and indirect heat integration. The formulation is an extension of the MILP developed by Kondili 

et al. (1993) for the optimal short-term scheduling of batch processes, known as discrete-time 

formulation. Another mathematical formulation developed originally for the optimal 

scheduling of batch processes, known as continuous-time formulation (Majozi and Zhu 2001), 

was also modified to include the direct heat integration problem in multipurpose/multiproduct 

batch processes (Majozi 2006). The same research group later extended the formulation to 

include indirect heat integration (Majozi 2009; Stamp and Majozi 2011), modifications to the 

scheduling formulation to reduce the number of variables (Seid and Majozi 2012, 2014a), water 

minimization (Seid and Majozi 2014b), consideration of heat integration with batch streams 

while they are moving from one unit of operation to another one (material transfer) (Lee et al. 

2015, 2016), long-term scheduling (Stamp and Majozi 2017) and multiple storage vessels 

(Sebelebele and Majozi 2017).  

Other MP formulations for the synthesis of batch HENs without considering rescheduling were 

developed by Chen and Ciou (2008, 2009) for the design of batch HENs with only indirect heat 

integration using fixed and variable temperature storages. Hellwig (1998) also developed 

independently an optimization algorithm for the selection of a set of possible matches between 
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hot and cold streams in continuous and discontinuous processes (direct integration only) which 

maximizes energy recovery (OMNIUM Method). The method is based on the Hungarian 

algorithm, a classical algorithm to solve linear assignment problems in operations research 

(Kuhn 2012). Uhlenbruck et al. (2000) compared the results of OMNIUM and the TSM targets 

and found that OMNIUM does not reach the pinch targets and tends to generate complex 

networks. They proposed the repeated/recursive application of OMNIUM to improve the results 

and generated designs that reached in average up to 95% of the pinch targets. More recently 

Heyden (2016) extended the OMNIUM method to include cost and technical calculations, as 

well as heat storage options, and used it to evaluate waste heat recovery opportunities in an 

industrial laundry and in the German laundry sector as a whole, using representative laundries 

for “small” and “big” facilities.  

Studies focused on multi-period processes have their origin in the problem of design of flexible 

HENs. Verheyen and Zhang (2006) define flexible HEN as those that can operate even if there 

are variations of certain parameters around a nominal value due to uncertainties (resilient 

HENs) or that can operate even if there are planned periodical changes in their operating 

conditions (multi-period HENs). In the case of multi-period HENs, some of the first influential 

studies were published by Floudas and Grossmann (1986, 1987). They presented an automated 

sequential method for the design of multi-period HENs. Their work is an extension of the 

transshipment model developed by Papoulias and Grossmann (1983) and Floudas et al. (1986) 

for the design of continuous HENs. Later Aaltola (2003) in his dissertation presented a multi-

period extension to the SYNHEAT model (Yee and Grossmann 1990) for the simultaneous 

synthesis of continuous HENs. He used an “average area approach” in which the effective area 

for a given match to be used for TAC calculations is equal to the arithmetic average of the areas 

required for the heat exchanger in the match at each period of operation. This formulation 

results in an underestimation of the required heat transfer areas and the TAC, but avoids the 

introduction of non-linearities in the constraints or the objective function. Chen and Hung 

(2004) proposed then an “maximum area approach” through the use of a discontinuous 

maximum function in their objective function, but the resulting computational times where 

discouraging. Then Verheyen and Zhang (2006) reformulated the “maximum area approach” 

by the use of area inequalities in the constraints instead of discontinuous functions in the 

objective. This formulation is one of the bases of the framework presented in section 4.2.2 for 

the integration of ORCs and ABC into multi-period HENs without heat storage. In the three 

formulations by Aaltola (2003), Chen and Hung (2004) and Verheyen and Zhang (2006), only 

processes with periods of equal duration are considered. Isafiade and Fraser (2010) modified 
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the objective function by Verheyen and Zhang (2006) to improve the results in processes with 

periods of unequal duration. Other recent improvements to the superstructure of Verheyen and 

Zhang (2006) include the integration of multiple utilities (Isafiade et al. 2015), the consideration 

of detail heat exchanger design (Short et al. 2016a, 2016b), better initialization techniques for 

the MINLP and lower overdesign of the heat exchangers (Isafiade and Short 2016; Isafiade 

2017) and the integration of heat storages options for fixed (Beck and Hofmann 2018b) and 

variable temperature fixed mass storages (Beck and Hofmann 2019). The formulation by Beck 

and Hofmann (2018b) is used as base for the methodology presented in section 4.2.3 for the 

integration of ORC and ABC into HEN in multi-period processes with FTVM storage. As for 

extensions to the sequential method by Floudas and Grossmann (1987), Mian et al. (2015) 

integrated multiple utilities, that could be located in any position in the superstructure. The 

problem is solved using a metaheuristic algorithm developed by the same research group and 

named PGS-COM (Martelli and Amaldi 2014). The same research group later included heat 

storage options to the formulation (Mian et al. 2016).  

Another interesting development in the multi-period HEN research is the “timesharing 

mechanism” (Sadeli and Chang 2012), that is, the reuse of heat exchangers in different matches 

each period of operation, depending on the characteristics of the process. Heuristics (Jiang and 

Chang 2013) and algorithmic (Jiang and Chang 2015) approaches to the timesharing 

mechanism have been developed with encouraging results, as it tends to decrease the capital 

cost of the HEN, and heat exchangers can be reused in different matches in a way that 

minimized their overdesign. Possible disadvantages of this method include but are not limited 

to the need of cleaning procedures for the heat exchangers with their associated additional costs. 

Recent studies also include non-isothermal mixing (Miranda et al. 2016) and metaheuristic 

methods for the MINLP solution (Pavão et al. 2018) combined with the timesharing 

mechanism. In this work, the timesharing mechanism is not considered for the mathematical 

framework developed in Chapter 4, but research in this area is encouraged for future works.  
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3 State-of-the-Art 

In this chapter, a State-of-the-Art of the process integration of ORCs and ABCs into HENs is 

presented. The process integration of other WHR technologies, including heat pumps and 

alternative “waste heat to heating” and “waste heat to cooling” technologies, are not considered 

but their study and integration to the framework developed in Chapter 4 are recommended for 

future works. The chapter is divided in three subsections covering the process integration of 

ORCs, ABCs and the combined technologies independently. Most of the works on the 

integration of WHR technologies into HENs have been focused on continuous processes and 

only study the integration of one WHR technology at a time. The few works combining different 

WHR technologies tend to oversimplify the mathematical modeling and behavior of the WHR 

technologies, i.e. assuming fixed ORC and ABC efficiencies ignoring the working fluid and 

working pairs properties and the physical behavior of the ORC and refrigeration cycles. This 

dissertation is an effort to bridge these research gaps and proposes a mathematical framework 

and superstructure for the integration of multiple WHR technologies (ORCs and ABCs) into 

HEN in continuous and multi-period processes, with or without FTVM storage, while 

considering in detail, the physical behavior of the working fluids in the ORC and working pairs 

in the ABC.  

3.1 Process Integration of Organic Rankine Cycles into Heat Exchanger 

Networks 

The basic pinch rules for the integration of heat engines (ORCs included) and heat pumps 

(ABCs included) into HEN were presented by Townsend and Linnhoff (1983b, 1983a) already 

in the first years of pinch analysis. The “Appropriate Placement” rules (Townsend and Linnhoff 

1983a) state that heat engines should be located entirely above or entirely below the pinch in 

order to avoid cross-pinch transfer and generate mechanical work with a theoretical 100% 

efficiency in the heat to work conversion (Figure 3-1). For a system with hot utility consumption 

fixed to its pinch targets, that 100% heat to work conversion efficiency means that a heat engine 

located entirely below the pinch will generate mechanical work from waste heat, that would be 

otherwise rejected to the cooling utility. On the other hand, a heat engine located entirely above 

the pinch will generate mechanical work from energy already supplied to the system by the hot 

utility, with 100% efficiency and without increasing the utility consumption of the system. 

Townsend and Linnhoff (1983b) already considered the possibility of integration ORCs below 

the pinch in order to generate mechanical work from waste heat and suggested selecting 
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working fluids with critical temperatures near to the pinch temperature as they increased the 

temperatures at the top of the cycle, increasing its efficiency. They also recognized the tradeoff 

between the temperature at the ORC-Evaporator and the amount of energy that the ORC is able 

to extract from the hot process streams below the pinch. Moreover, in the same work Townsend 

and Linnhoff (1983b) considered technical limitations and shapes of the heat profiles generated 

by working fluids in Rankine and Bryton (Gas Turbines) cycles and how they should be 

considered when exploring the integration of heat engines into industrial processes. Due to the 

relatively low temperatures, low efficiencies and high costs of heat engines below the pinch, 

the study of the process integration of ORCs into HENs fell in relative obscurity during the 

following decades until a study by Desai and Bandyopadhyay (2009) and increased energy 

prices and sensibilities about energy efficiency and environmental protection, reactivated this 

field of research. However, the integration of heat engines above the pinch was further 

developed and studied as part of the design of utility systems, which includes the Total Site 

Analysis (Dhole and Linnhoff 1993) mentioned in section 2.3.2. The utility system design 

comprises among other objectives, the selection of temperature and pressure levels for the hot 

utilities and the identification of the optimal turbine configuration between the hot utility 

(usually steam) mains that maximizes the cogeneration (heat and power) potential of the system 

(Mavromatis and Kokossis 1998).  

 

Figure 3-1.  Appropriate placement of ORCs driven by waste heat according to pinch analysis.  

Source:  Own diagram based on Townsend and Linnhoff (1983a) and diagram from Natural Resources 

Canada (2012) 

Desai and Bandyopadhyay (2009) used PA techniques to study the integration of ORCs into 

continuous HENs. They explored the opportunities for integration of ORCs using the GCCs 

and the PTA to rapidly evaluate different dry working fluids using different evaporation and 
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condensation temperatures for the ORC. They also considered other ORC configurations aside 

from the basic, including the recuperative cycle (referred as regenerative cycle in the article), 

turbine bleeding and a combination of the two. After the working fluid, ORC configuration and 

corresponding evaporation and condensation temperatures are determined, the HEN including 

the ORC is generated using the Pinch Design Method (Linnhoff and Hindmarsh 1983). 

Thermophysical properties of the working fluids are obtained from the software REFPROP 

(Huber et al. 2018).  

Later, works by Hipólito-Valencia et al. (2013) first and then Chen et al. (2014), developed 

mathematical programming approaches to the simultaneous integration of ORCs into the 

background processes and the synthesis of the accompanying HEN. Both superstructures are 

extensions of the SYNHEAT model for the synthesis of HENs (Yee and Grossmann 1990). 

Hipólito-Valencia et al. (2013) focused on the optimization of the TAC of the system and 

neglected the latent heat of evaporation of the working fluid. In the model, the ORC structure 

included an economizer to pre-heat the working fluid before the evaporator with the hot 

working fluid exiting the turbine. Similar to the framework presented in Chapter 4, the model 

only allows heat exchange between the working fluid and the process streams in one dedicated 

stage located at the cold side of the superstructure. The authors did not calculate the 

thermophysical properties of the working fluids for the ORC and instead assumed values for 

the heat capacity of the working fluids. The superstructure was later extended by the same 

research group to include inter-plant heat integration (Hipólito-Valencia et al. 2014b) and 

absorption chillers and steam cycles (Lira-Barragán et al. 2014c). In this case, a boiler fed by 

renewable energies (solar thermal or biomass) or fossil fuels drives the steam cycle and the 

energy rejected by the cycle in the condenser acts as hot utility for the process streams, the ORC 

and the ABC. The ORC and the ABC are integrated in the HEN of the process streams and can 

be driven by energy from the process streams, or from the hot utility, depending on the process 

conditions and the objective function. Additionally, the study considered alternative objective 

functions including environmental (greenhouse gas emissions or GHGE) and social 

considerations (number of jobs generated by the project). The superstructure for the ORC 

integration was applied to a bioethanol separation process with TAC savings up to 7% in 

comparison with the HEN without ORC under the conditions used by the authors (Hipólito-

Valencia et al. 2014c).  

The superstructure proposed by Chen et al. (2014) was also an extension of the SYNHEAT 

model and pursued the maximization of the “Net Power” generated from the waste heat using 

the Peng Robinson Equations of State (PR-EOS) (Peng and Robinson 1976) to calculate, 
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separately from the optimization model, the thermophysical properties of the working fluid. 

The study considered the latent heat of evaporation and condensation of the working fluid and 

rightfully proved its influence on the model results. The model used a basic ORC configuration 

and allowed heat exchange between the working fluid and the process streams in all stages of 

the superstructure. The model was later extended to include transcritical ORCs (Chen et al. 

2015a). A similar superstructure was later used by the same research group to study the 

integration ORCs into a refinery (Chen et al. 2016). In this case, the HEN was not generated 

and only hot streams were considered. Heat recovery loops using intermediate heat transfer 

fluids were used to transfer energy between the hot streams and the ORCs. Multiple ORCs with 

different working fluids and operating conditions could be evaluated simultaneously. The 

selection of the optimal working fluid and operating conditions for a given ORC was made 

using an iterative “trial and error” algorithm. The same algorithm is applied to the case studies 

in Chapter 5, with “Net Power” generated from waste heat as objective function, in order to 

determine the best working fluids and operating conditions for the ORCs presented in the 

chapter. A flow diagram of the “prescreening algorithm” is available in Chapter 5 in Figure 5-2. 

More recently, Elsido et al. (2017) extended the superstructure presented by Chen et al. (2014) 

in order to consider multiple pressure levels for the expansion in the turbines. The properties 

for the working fluid are taken from REFPROP. The MINLP is then solved using 

metaheuristics9.  

In order to include the optimization of the ORC configuration and operating temperatures 

explicitly into the optimization problem, Yu et al. (2017a) proposed a sequential method. In the 

first step, the ORC configuration, operating temperatures and mass flow of the working fluid 

in the ORC are treated as variables and optimized using the Duran-Grossmann model for the 

simultaneous consideration of Heat Integration and Process Synthesis10 (Duran and Grossmann 

1986). The thermophysical properties of the working fluid are included explicitly in the 

formulation through the use of the PR-EOS (Peng and Robinson 1976). In the second step, a 

HEN including the ORC and process streams is generated using the transshipment model for 

 

9 Metaheuristics algorithms are high-level adaptive and autonomous methodologies that apply generic heuristic 

rules (i.e. based on trial and error and/or rule of thumb) for the solution of computational problems (Wang 2010). 

Main difference with exact/deterministic methodologies is that metaheuristics do not provide information about 

the gap between the solutions found and the best possible solution and cannot guarantee to find the global optimum 

if enough time is provided (Hussain et al. 2019). 

 
10 The original Duran-Grossmann model 1986 is a mathematical formulation used to find the required temperatures 

and mass flows of process streams that maximizes the heat recovery in a given chemical process without generating 

the HEN.  
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sequential synthesis of HENs (Floudas et al. 1986). The same research group also extended the 

formulation to include indirect heat transfer between the ORC and the process streams using 

hot water as an intermediate heat transfer fluid (HTF) (Yu et al. 2017b). Previously, the authors 

had already studied the integration of an ORC into a refinery using hot water as HTF in a HRL 

using graphical PA tools (Yu et al. 2016).  

Kermani et al. (2018) also presented a sequential method for the integration of ORCs into 

HENs. In the first step, a MILP generic superstructure that includes up to five pressure levels 

for the turbines and consider basic cycles, superheated, regenerative, transcritical, reheating, 

bleeding and multi-stage cycles is optimized and the optimal configuration and operating 

parameters for the integrated ORC is determined. The MILP is solved using a bi-level 

decomposition technique, which uses a MILP solver to find the optimal ORC configuration and 

metaheuristics to determine the optimal operating conditions for the ORC. The properties of 

the working fluid are included in the formulation as piece-wise linear models. In the second 

step, the HEN including the ORC is generated using the transshipment model (Floudas et al. 

1986). The study also considered multiple objective functions and multi-objective optimization. 

The formulation includes equations for the calculation of heat transfer coefficients of the 

working fluids in the heat exchangers (film coefficients) and an interactive database with some 

thermophysical properties for selected working fluids was also generated. 

More recently, a number of publications discussing the ORC integration into HENs were 

published. Xu et al. (2020) included the ORC evaporation and condensation temperatures as 

variables in the model by Chen et al. (2014) and considered the total exergy destruction and the 

TAC as multi-objective functions. Properties of the working fluids are obtained from 

REFPROP. Dong et al. (2020) included the working fluid properties in the formulation using 

fit functions obtained from polynomial regressions of the fluid properties instead of using the 

highly non-linear PR-EOS. Similarly, Huang et al. (2020) presented a superstructure including 

HEN, steam Rankine cycle, ORC and cooling tower and considered the properties of the 

working fluid in the formulation using fit functions. Chamorro-Romero and Radgen (2020) 

extended the superstructure by Chen et al. (2014) to include indirect heat integration of ORCs 

into HEN using intermediate HTFs. The heat transfers between the ORCs and the HEN take 

place through HRLs. The operating temperatures and mass flows of the HTFs inside of the 

HRLs are treated as variables and determined during the optimization procedure. Additionally, 

a recent review by Anastasovski et al. (2020) presented a comprehensive analysis of heat 

integration approaches for the integration of ORCs driven by waste heat into production 

processes. The review focuses on the link between the ORC and the industrial processes and 
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the methods used for the optimization of the ORC configuration and operating parameters in 

the integrated system. Studies considering simultaneously the ORC integration and the HEN 

synthesis are also mentioned but are not the main focus of the review. Anastasovski et al. (2020) 

concluded that the main gap in the research is the gap of systematic methods for the integration 

of ORCs into batch and discontinuous processes.  

Finally, last year (2021),the first work dealing with the integration of ORC into multi-perid 

HENs was presented. Elsido et al. (2021) extended a previous metaheuristic methodology 

developed for continuous processes (Elsido et al. 2017) and later improved for better 

computational performance (Elsido et al. 2019), to include multi-period operation. Two-tank 

storages with FTVM were considered and their temperatures were known in advance. Size of 

the storage was part of the variables to optimizes. 

3.2 Process Integration of Absorption Chillers into Heat Exchanger Networks 

Only few works study the process integration of absorption chillers into heat exchanger 

networks. The contrast with the process integration of ORCs into HEN as discussed in the 

previous section is clear. Similar to ORCs, the “Appropriate Placement” rules (Townsend and 

Linnhoff 1983a) offer guidelines for the integration or ABCs into HENs. In general, heat pumps 

should transfer heat across the pinch in order to be efficient. In the case of ABCs, they behave 

like reversed heat pumps between the process streams located below and above the “utility 

pinch”, that is, the pinch generated by the cold utility. As long as the ABC transfer heat across 

the utility pinch, they will provide cooling without increasing the heat consumption of the 

system, in practice generating cooling from waste heat. As represented in Figure 3-2, the total 

cooling demand of the system, does not change due to the integration of the ABC, but the ABC 

replaces the demand of low temperature cold utility by usually cheaper higher temperature cold 

utility, using waste heat from the system to drive the refrigeration cycle. Similar to ORCs, the 

study of the process integration of ABC into HENs was in relative obscurity until Tora and El-

Halwagi (2010) presented a PA approach for the integration of ABC into industrial processes.  

Tora and El-Halwagi (2010) did not consider the HEN synthesis, but the study presented a 

systematic approach to evaluate ABC integration opportunities into industrial processes using 

GCCs. The utility pinch caused by the cold utility (cooling water in their case) was located on 

the GCC and the required cooling load and cooling temperature to be provided by the ABC was 

also determined from the GCCs. The available waste heat under the process pinch that could 

be supplied to the ABC was also calculated. The additional thermal energy required by the ABC 
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that could not be provided by the process streams, was supplied by solar energy, or the hot 

utility. A NLP determining the optimal combination of hot utility and solar energy to supply 

the additional energy required by the ABC was also presented. A fixed COP for the ABC was 

used and the objective function of the NLP was the TAC of the system. 

 

Figure 3-2.  Appropriate placement of ABCs driven by waste heat according to pinch analysis. 

Source:  Own diagram based on Townsend and Linnhoff (1983a) and Tora and El-Halwagi (2010) 

The same research group then extended the method to include multiple objectives (TAC and 

GHGE) in the formulation (Ponce-Ortega et al. 2011). Later, the research group presented a 

MP approach for the integration of ABCs into HENs (Lira-Barragán et al. 2013), based on the 

SYNHEAT model for the simultaneous synthesis of HENs. In their superstructure, the ABC 

could only exchange energy with the process streams in dedicated stages, located at the cold 

end of the system after the cold utility stage (ABC-Evaporator Stage) and at the hot end of the 

system between the hot utility stage and the first intra-process stage (ABC-Generator Stage). If 

the process streams were incapable to provide all the required thermal energy for the ABC, 

solar collectors and hot utilities could be used to supply the additional energy to the ABC. The 

COP of the ABC was fixed and the operating conditions of the ABC (refrigeration temperature 

and the temperature of the energy supplied to the ABC) were defined beforehand. Next, the 

formulation was extended to include the heat storage design for the solar collectors (Lira-

Barragán et al. 2014b).  

More recently, Sun et al. (2019) presented a superstructure for the integration of ABC into HEN 

considering the optimization of the operating conditions of the ABC. Instead of fixed operating 

conditions, the heat source temperature for the ABC, the refrigeration temperatures produced 

by the ABC cycle and the COP of the ABC, were treated as variables and fit functions between 
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the mentioned temperatures and the COP of the ABC were included in the optimization 

algorithm. The objective function was the TAC. The method was illustrated with a case study 

and the generated HEN-ABC configuration was compared with a system where a Vapor 

Compression Refrigeration (VCR) system was used to provide the cooling below the cold utility 

temperature. Later, the HEN-ABC superstructure was extended to include hybrid Compression-

Absorption Cascade Refrigeration Systems (CACRS) (Sun et al. 2020a; Sun et al. 2020b). 

CACRS are hybrid systems combining ABC and VCR in cascade. The ABC supplies the 

refrigeration until a temperature of 0°C (the technical limit for the LiBr/H2O working pair) and 

the VCR covers the cooling demand below that temperature.  

3.3 Process Integration of Organic Rankine Cycles and Absorption Chillers 

into Heat Exchanger Networks (Combined Models) 

Only few studies, all from the same research group, consider the simultaneous integration of 

ORCs and ABCs into HENs. Lira-Barragán et al. (2014c, 2014a) combined their models for 

stand-alone integration of ORCs and ABC into HENs into a single model considering the 

simultaneous integration of both WHR technologies. In their model, a steam Rankine cycle fed 

by fossil fuels or renewable sources generates mechanical energy and rejects thermal energy in 

the condenser. This rejected energy is used as hot utility for the process streams in the HEN and 

provides additional energy to the ORC and the ABC if necessary. The ORC and the ABC are 

integrated in the HEN and driven by waste heat provided by the process streams or energy take 

directly from the hot utility, depending on the optimization results. As with the single models 

for ORC and ABC integration into HENs by the same research group, thermophysical 

properties of the working fluids and working pairs are not considered. Later the model was 

extended to consider multiple industrial plants simultaneously (Hipólito-Valencia et al. 2014a).  

3.4 Summary of the State-of-the-Art and Overview of Mathematical 

Framework  

A summary of the state-of-the art of the Process Integration of ORCs and ABC into HEN is 

presented in Table 3-1. Only studies considering simultaneously the HEN synthesis and the 

integration of the ORCs, ABCs or both into HENs, are presented, as well as the main PA studies 

in the field. The main conclusion of the literature review is the lack of structured methods for 

the process integration of ORCs and ABC into HENs in discontinuous processes.  
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This dissertation is an effort to help to bridge that gap in the literature. Although the pinch rules 

for integration of ORCs and ABCs into HENs are known since the first years of PA, only in the 

last decade, studies considering this problematic have been published. This can be related to 

greater sensibilities about environmental issues and higher energy prices. Also the increase in 

power and availability of optimization hardware/software has given an impulse into the 

formulation of MP models with increasing complexity. This dissertation is also the first work 

on the simultaneous integration of ORC and ABC integration into HENs considering 

working/fluid properties. An extended table of the State-of-the-Art including other relevant 

articles in the field and their main contributions is presented in Appendix E. 

Table 3-1. Selection of relevant studies on the Process Integration of Organic Rankine Cycles and 

Absorption Chillers into Heat Exchanger Networks. 

 
Waste Heat 

Recovery 

Technology 

Approach Type of Process 

Working 

Fluid/Pair 

Properties 
 ORC ABC PA MP Cont. Discont.  

    SQ SM    

Chamorro-Romero (2023) * x x   x x x x 

Elsido et al. (2021) x    x  x x 

Sun et al.; Sun et al. (2020b; 2020a)  x   x x  x 

Sun et al. (2019)  x   x x  x 

Kermani et al. (2018) x   x  x  x 

Elsido et al. (2017) x    x x  x 

Yu et al. (2017a) x   x  x  x 

Chen et al. (2014) x    x x  x 

Lira-Barragán et al. (2014c, 2014a) x x   x x   

Hipólito-Valencia et al. (2013) x    x x   

Lira-Barragán et al. (2013)  x   x x   

Tora and El-Halwagi (2010)  x (x)2)   x   

Desai and Bandyopadhyay (2009) x  x   x  x 

Townsend and Linnhoff (1983a, 1983b) x (x)1) x   x   

* This work. 
1) Absorption chillers were not mentioned but general pinch rules for the integration of heat pumps were provided.  
2) No HEN synthesis considered. Pinch rules for the integration of ABCs into HEN explicitly presented.  

ORC: Organic Rankine Cycle; ABC: Absorption Refrigeration/Chiller; PA: Pinch Analysis; MP: Mathematical 

Programming; SQ: Sequential Method; SM: Simultaneous Method 

Source: Own table 

The main contribution of the works referenced in Table 3-1 are the following: 

- Townsend and Linnhoff (1983a, 1983b) : Pinch rules for the integration of heat engines 

and heat pumps into industrial processes. Consideration of technical limitations and shapes 

of heat profiles of working fluids in steam, ORC and Brayton cycles. 

- Desai and Bandyopadhyay (2009) : First dedicated study on the integration of ORCs into 

HENs using PA. 
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- Tora and El-Halwagi (2010) : First dedicated study on the integration of ABCs into 

industrial processes using PA. HEN was not generated. 

- Lira-Barragán et al. (2013) : First MP formulation for the integration of ABCs into HENs. 

ABC could be driven by process streams or hot utilities (including solar energy). 

- Hipólito-Valencia et al. (2013) : First MP formulation for the integration of ORCs into 

HENs. Extension of SYNHEAT (Yee and Grossmann, 1990). 

- Lira-Barragán et al. (2014c, 2014a) : First MP model for the simultaneous integration of 

ORCs and ABCs into HENs. Combination of Hipolito-Valencia, et-al (2013) and Lira-

Barragan, et-al (2013). 

- Chen et al. (2014) : MP model for the integration of ORCs into HENs considering the latent 

heat of evaporation and thermophysical properties of the working fluids. Properties are 

calculated independently of the optimization model. 

- Yu et al. (2017a) : MP model for the integration of ORCs into HENs including working 

fluid properties and temperatures into the optimization problem. 

- Elsido et al. (2017) : MP model for the integration of ORCs into HENs considering multiple 

pressure levels for ORC expansion and the use of metaheuristics for the MINLP. Extension 

of Chen, et-al (2014). 

- Kermani et al. (2018) : MP model for the integration of ORCs into HENs including most 

of the possible ORC configurations (multiple pressure levels, regeneration, superheating, 

transcritical, etc.) 

- Sun et al. (2019) : MP model for the integration of ABCs into HENs considering the 

working pair properties and temperatures inside of the ABCs. 

- Sun et al.; Sun et al. (2020b; 2020a) : MP model for the integration of ABCs into HENs 

considering hybrid systems combining ABCs and VCRs. 

- Elsido et al. (2021): Extension of Elsido et al. (2017) for multi-period operation. Two tank 

FTVM heat storages with known temperatures are considered. First work considering the 

integration of ORCs in HENs with multi-period operation.  

- Chamorro-Romero (2023) *: MP framework for the process integration of ORC, ABC or 

both into HENs into continuous and multi-period processes, while considering working 

fluid/pair properties. First formulation combining ORC, ABC and HENs while including 

discontinuous processes (multi-period with and without FTVM heat storage). Storage sizes 

and temperatures are part of the optimization variables and multiple storage levels (more 

than 2 storage tanks) are considered.  
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In this work a total of nine superstructures are developed, grouped in three categories, each of 

them related to the specific objectives presented in section 1.2 and depending on the type of 

process they are referring to (continuous processes, multi-period processes without heat storage 

and multi-period processes with Fixed Temperature Variable Mass [FTVM] heat storage). Each 

category consists of three individual models: one model describing the process integration of 

stand-alone ORCs, one model describing the process integration of stand- alone ABCs and a 

combined model for the process integration of both waste heat recovery (WHR) technologies 

simultaneously.  

The mathematical framework developed in this dissertation is a mathematical programming 

approach for the integration of selected waste heat recovery technologies (ORC and ABC) into 

heat exchanger networks for continuous and multi-period processes with and without FTVM 

heat storage. The assumptions used for the mathematical framework are presented in detail in 

Section 1.3. The following chapter (Chapter 4) presents a complete description of the 

framework and in Chapter 5 the application of the framework is illustrated using examples from 

the literature. 
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4 Mathematical Framework  

This chapter presents the superstructures developed for the process integration of organic 

Rankine cycles (ORC), absorption chillers (ABC) or both, into heat exchanger networks (HEN) 

for continuous and multi-period processes with and without FTVM heat storage, including the 

mathematical models describing the behavior of the systems. Section 4.1 introduces the 

methodology and general considerations and assumptions applicable to all models. Section 4.2 

presents the detail description of each of the developed models, their constituting equations and 

their particularities. Finally, section 4.3 discusses the mathematical considerations and 

limitations of each of the models.  

4.1 Methodology and General Assumptions  

In this work a total of nine superstructures are developed, grouped in three categories, each of 

them related to the specific objectives presented in section 1.2 and depending on the type of 

process they are referring to (continuous processes, multi-period processes without heat storage 

and multi-period processes with Fixed Temperature Variable Mass [FTVM] heat storage). Each 

category consists of three individual models: one model describing the process integration of 

stand-alone ORCs, one model describing the process integration of stand- alone ABCs and a 

combined model for the process integration of both waste heat recovery (WHR) technologies 

simultaneously. Each of the individual models is named using short acronyms for their easy 

identification. The categories, models and acronyms are as follows:  

- Superstructures for continuous processes 

- Process Integration of Organic Rankine Cycles (HEN-ORC) 

- Process Integration of Absorption Chillers (HEN-ABC) 

- Combined Model (HEN-WHR) 

- Superstructures for multi-period processes without heat storage  

- Process Integration of Organic Rankine Cycles (MP-ORC) 

- Process Integration of Absorption Chillers (MP-ABC) 

- Combined Model (MP-WHR) 

- Superstructures for multi-period processes with FTVM heat storage 

- Process Integration of Organic Rankine Cycles (MP-ST-ORC) 

- Process Integration of Absorption Chillers (MP-ST-ABC) 

- Combined Model (MP-ST-WHR) 
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Figure 4-1 illustrates the different models developed and their relation with the specific 

objectives presented in section 1.2. 

 

Figure 4-1.  Overview of the superstructures developed in this dissertation. 

Source: Own diagram 

The assumptions used for the development of the nine superstructures for the process 

integration of ORCs, ABCs or both into HENs in continuous and multi-period processes, with 

and without FTVM heat storage, were already presented in section 1.3 and they were used to 

establish the scope of the research. Please see Section 1.3 for more information.  

In the following sections, a description of the nine superstructures developed in this work is 

presented. As many of the modes share similar equations and terms, in the descriptions only the 

new equations related to each model are presented. A complete presentation of all the 

constituent equations for each model is provided in Appendix C. 

4.2 Model Formulations  

All the mathematical models developed for the process integration of WHR technologies into 

HENs have a similar structure. A common feature of all models is the use of energy balances 

and logical conditions for temperatures and heat transfer duties. Table 4-1 presents a generic 

depiction of the structure of the common equations used in the models. As illustrated in Table 

4-1, all models contain overall energy balances for the process streams, stage energy balances 

for each stage in the superstructure, including utility and dedicated stages (ORC Stage, ABC-

Evaporator Stage and ABC-Condenser Stage), logical relations and conditions for the 

temperatures of the process streams guaranteeing the feasibility of the energy transfer at 

different locations in the superstructure, upper limits for the heat transfer duties of each of the 

possible heat exchangers, equations calculating the approach temperatures at the hot and cold 
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ends of each possible heat exchanger in the superstructure and the objective function, in this 

work the “Total Annualized Cost” (TAC). Additional constraints for the models such as 

restricted matches, maximum number of units, etc. can also be added but are not part of the 

main formulation. The specific terms used in each equation, change depending on the model 

used. Models for ORC integration have to include terms related to the ORC-Evaporators and 

ORC-Condensers, as well as terms describing the behavior of ORC-Pumps and ORC-Turbines. 

Similarly, models including ABC integration have to contain terms describing the behavior 

ABC-Generators, ABC-Evaporators and the central ABC-Condenser and ABC-Absorber. 

Table 4-1. Generic depiction of common equations for all superstructures for the Process Integration of 

Waste Heat Recovery Technologies  

Overall energy balances {
∑ ∑ 𝑞𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖
𝑒𝑣𝑎𝑝 + 𝑞𝑖

𝑐𝑢 = 𝐹𝑖(𝑇𝑖
𝑖𝑛 − 𝑇𝑖

𝑜𝑢𝑡) 

…
…

} 

Stage energy balances {
∑ 𝑞𝑖,𝑗,𝑘
𝑗∈𝐶𝑃

= 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1)

…
…

} 

Logical relations of temperatures 

(Process Streams) 
{
𝑡𝑖,𝑁𝑂𝐾+1 ≥ 𝑡𝑖

𝑜𝑟𝑐 ≥  𝑇𝑖
𝑜𝑢𝑡

…
…

} 

Upper limits for heat exchangers duties {
𝑞𝑖,𝑗,𝑘 −  𝛺𝑧𝑖,𝑗,𝑘 ≤ 0

…
…

} 

Approach temperatures for hot and cold 

ends of heat exchangers 
{

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘 ≤  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘)

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘 ≤  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘)
…
…

} 

Objective Function {𝑚𝑖𝑛 𝑇𝐴𝐶 = 𝐶𝐴𝑃𝐸𝑋 + 𝑂𝑃𝐸𝑋} 

Additional constraints (Optional) {
∑ 𝑞𝑗

ℎ𝑢

𝑗∈𝐶𝑃

≤  ∑ 𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

(𝐻𝐸𝑁)

…
…

} 

Source:  Own table 

Aside from the common equations used in all models, specific equations depending on the 

WHR technologies considered (ORCs, ABCs or both), as well as the type of process 

(continuous or multi-period with and without heat storage) have to be included. Table 4-2 

presents a generic representation of the additional equations required depending on the 

technologies considered. As illustrated in Table 4-2, models considering ORC integration have 
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to include additional mass balances for the working fluid split streams in evaporators and 

condensers, energy balances for pumps and turbines and calculations for approach temperatures 

inside of the evaporators and condensers due to the phase changes of the working fluid. As for 

models considering ABC integration, definitions for important parameters in the system such 

as the “Coefficient of Performance” (COP) of the refrigeration system and the ratio between 

the energy extracted in the central ABC-Condenser and the energy supplied in the ABC-

Generators (in this work refered as C2G) have to be provided, as well as additional fit functions 

describing the physical behavior of the ABC and an overall energy balance of the absorption 

refrigeration cycle. As for the fit functions, they include expressions calculating COP, C2G as 

function of the temperatures in the system, as well as expressions for temperatures of the 

refrigerant solution and the refrigerant inside of the absorption cycle. 

Table 4-2. Generic depiction of specific equations for the Process Integration of Waste Heat Recovery 

Technologies depending on the technologies considered. 

ORC 

Mass balances stream 

splits 
{
∑ 𝑟𝑤𝑖
𝑖∈𝐻𝑃

= 1

…
…

} 

Energy balances 

turbines/pumps  
{
𝑊𝑝𝑢𝑚𝑝 = 𝑚̇𝑤𝑤𝑝𝑢𝑚𝑝

…
…

} 

Approach temperatures 

evaporation/condensation 

{
 
 

 
 𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖

𝑒𝑣𝑎𝑝 ≤ (𝑡𝑖
𝑜𝑟𝑐 +

𝑚̇𝑤 𝑟𝑤𝑖 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 −  𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 )

𝐹𝑖  
 )

−𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝
)

…
… }

 
 

 
 

 

ABC 

Definitions COP/C2G {
𝐶𝑂𝑃 =

∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃
…
…

} 

Energy balance ABC-

System 
{
∑ 𝑞𝑖

𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎

…
…

} 

Fit functions {
𝐶𝑂𝑃 = 𝐶1 𝑒𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒𝐶4 𝑡𝑔𝑒𝑛

…
…

} 

Source:  Own table 
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As for models for multi-period processes, the general equations presented in Table 4-1, as well 

as specific equations depending on the technology presented in Table 4-2, are also used, but 

they are repeated for each period of operation. That means that overall energy balances, stage 

energy balances, logical constraints, etc., have to be represented for each period. Most of the 

terms in the equations have to be also written as multi-period terms, namely, temperatures for 

the process streams and heat transfer duties for the heat exchangers, as they change from period 

to period. On the other hand, the binary terms, the temperatures and properties of the working 

fluid inside the ORC and the temperatures, COP and C2G of the refrigeration cycle remain 

independent of the periods, that is, they do not change from period to period.  

Additionally, equations calculating the effective size of the components in the system (heat 

exchangers, turbines and pumps), to be used in cost calculations, are necessary. The effective 

size for a given component is the maximum size between the required sizes for the given 

component if each period is considered as an independent system at continuous operation. This 

effective size guarantees that the given component is able to perform its duty in all periods of 

operation (see Section 1.3). Table 4-3 presents a generic representation of these “Maximum 

Size” equations.  

Table 4-3. Generic depiction of "Maximum Size" equations for the Process Integration of Waste Heat 

Recovery Technologies into Multi-Period Processes 

Maximum size of components {
𝐴𝑖,𝑗,𝑘 ≥

𝑞𝑖,𝑗,𝑘,𝑝

𝑈𝑖,𝑗,𝑝𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝
…
…

} 

Source:  Own table 

In the case of multi-period processes with heat storage, additional terms have to be included 

into the energy balances presented in Table 4-1 in order to represent the energy exchanged 

between the storage system and the process streams at each period of operation. In this work, 

only “Fixed Temperature Variable Mass” (FTVM) storage tanks are considered. Also, extra 

equations describing the behavior of the storage system have to be included. Table 4-4 presents 

a generic representation of the additional equations required for the storage system. These 

equations consist of energy balances for the storage streams, equations describing the energy 

accumulated in the storage tanks at the end of each period, equations for the sizes of the storage 

tanks as well as logical conditions and relations for the hot and cold storages.  

In the following sections, a detail description of the superstructures and their constituent 

equations is presented. The models are formulated as “Mixed Integer Non Linear 

Programming” (MINLP) problems, where the binary variables represent the existence of a 



64  Mathematical Framework  

 

certain component at a certain stage of the superstructure and continuous variables are used to 

describe the operational conditions of the system (temperatures, mass flows, heat flows and 

equipment sizes). 

Table 4-4. Generic depiction of equations for the Process Integration of Fixed Temperature Variable Mass 

(FTVM) Storage Systems 

Energy balances  {
𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ = ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐

𝑘∈𝑆𝑇𝑖∈𝐻𝑃…
…

} 

Accumulated 

energy in tanks 
{
𝑄𝑝,𝑙𝑣
ℎ = 𝑄𝑝−1,𝑙𝑣

ℎ + 𝐷𝑂𝑃𝑝 ((𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ − 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ) + (𝑞𝑝,𝑙𝑣−1
𝑐ℎ𝑎𝑟𝑐 − 𝑞𝑝,𝑙𝑣−1

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐))
…
…

} 

Maximum size {
𝑚𝑎𝑥{𝑄

𝑝,𝑙𝑣
ℎ } ≥ 𝑄𝑝,𝑙𝑣

ℎ

…
…

} 

Logical relations {
𝑇𝑙𝑣
𝑠𝑡ℎ = 𝑇𝑙𝑣−1

𝑠𝑡𝑐

…
…

} 

Source:  Own table 

4.2.1 Continuous Processes 

4.2.1.1 Organic Rankine Cycles (HEN-ORC) 

A schematic representation of the superstructure for the process integration of ORCs into HENs 

in continuous processes (HEN-ORC) is depicted in Figure 4-2. Not all possible matches 

between the process streams are included (e.g., streams splits, etc.). Also for clarity, only two 

hot and two cold process streams are presented, but the superstructure and its associated 

mathematical model are suitable for any arbitrary number of process streams.  

The heat exchange between process streams takes place in the inner stages of the superstructure, 

also known as “Intra-Process Stages” in Figure 4-2. The heat exchange between the process 

streams and the ORC takes place only in the “ORC Stage”, located at the cold end of the process 

streams after the last intra-process stage. In the dedicated ORC stage the hot process streams 

exchange heat with the dry working fluid circulating in the evaporators of the ORC. The 

working fluid at the evaporation pressure, leaves the stage as a saturated vapor and is mixed 

isothermally before being expanded in the turbine. The expanded working fluid exits the turbine 

at the condensation pressure in a superheated stage and is cooled in the condensers by means 

of heat exchange with the cold process streams in the dedicated ORC stage or through heat 
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release to the cold utility. The working fluid leaves the stage as a saturated liquid at the 

condensation pressure and is again isothermally mixed before being pumped back to the 

evaporation pressure to restart the cycle. At the hot and cold ends of the superstructure in the 

“Hot and Cold Utility Stages”, utilities are used to provide or remove the remaining energy 

required to achieve the target temperatures of the process streams. Similar to the SYNHEAT 

model, in HEN-ORC the number of intra-process stages is decided beforehand and it is 

recommended to be greater or equal to the number of hot or cold process streams (Yee and 

Grossmann 1990), although in most cases, less stages will also provide viable designs. 

As explained in section 4.2, the structure of the mathematical model for HEN-ORC is a 

combination of common equations used for all models, as presented in Table 4-1, and specific 

equations due to the integration of the ORC, as presented in Table 4-2. Equations (4-1) to (4-9) 

present the energy balances for the process streams and stages as mentioned in Table 4-1. In 

this formulation, equations (4-1) and (4-2) represent the overall energy balances for the hot and 

cold process streams 𝑖 ∈ 𝐻𝑃 and 𝑗 ∈ 𝐶𝑃. For the hot streams, the overall change in enthalpy 

(𝐹𝑖(𝑇𝑖
𝑖𝑛 − 𝑇𝑖

𝑜𝑢𝑡)) is equal to the sum of the energy exchanged with the cold streams at the intra-

process stages of the superstructure (𝑞𝑖,𝑗,𝑘), the energy transferred to the ORC through the 

evaporators located in the ORC stage at the cold end of the hot process stream (𝑞𝑖
𝑒𝑣𝑎𝑝

), and the 

energy rejected to the cold utility in the cold utility stage (𝑞𝑖
𝑐𝑢). Similarly for the cold process 

streams, the overall enthalpy change (𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛)) equals the sum of the energy exchanged 

with the hot streams at the intra-process stages of the superstructure (𝑞𝑖,𝑗,𝑘), the energy rejected 

by the ORC system into the cold streams as heating in the ORC stage (𝑞𝑗
𝑐𝑜𝑛𝑑) and the energy 

provided to the cold process stream by the hot utility in the hot utility stage (𝑞𝑗
ℎ𝑢).  

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖
𝑒𝑣𝑎𝑝

+ 𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑇𝑖

𝑖𝑛 − 𝑇𝑖
𝑜𝑢𝑡)  (4-1) 

∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞𝑗
𝑐𝑜𝑛𝑑 + 𝑞𝑗

ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛)

𝑖∈𝐻𝑃

 (4-2) 

 

Equations (4-3) and (4-4) denote the energy balances for the intra-process stages. In the case of 

the hot process streams, the energy transferred by a hot process stream 𝑖 ∈ 𝐻𝑃 at a given stage 

𝑘 ∈ 𝑆𝑇, equals the sum of the heat (𝑞𝑖,𝑗,𝑘) exchanged between the hot stream and each of the 

cold process streams 𝑗 ∈ 𝐶𝑃. The enthalpy change in the hot process stream in that stage is 

equivalent to the product of the heat capacity flowrate of the stream (𝐹𝑖) and the temperatures 

of the stream at the inlet (𝑡𝑖,𝑘) and outlet (𝑡𝑖,𝑘+1) of the stage. An analog equation is used to 

calculate the stage energy balances for the cold process streams. 
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Figure 4-2. Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles into Continuous Processes (HEN-ORC). 

Source  Own diagram. 
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∑ 𝑞𝑖,𝑗,𝑘
𝑗∈𝐶𝑃

= 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1) (4-3) 

∑ 𝑞𝑖,𝑗,𝑘
𝑖∈𝐻𝑃

= 𝐹𝑗(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1) (4-4) 

 

Equations (4-5) and (4-6) show individual energy balances for the heat exchangers between the 

process streams and the utilities located in the hot and cold utility stages. In the case of the hot 

process streams 𝑖 ∈ 𝐻𝑃, 𝑡𝑖
𝑜𝑟𝑐 denotes the temperature of the hot process stream after leaving 

the evaporator, that is, after exchanging energy with the ORC system. For the cold process 

streams 𝑗 ∈ 𝐶𝑃, 𝑡𝑗,1 denotes the temperature of the cold process stream at the first stage of the 

superstructure.  

𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑡𝑖

𝑜𝑟𝑐−𝑇𝑖
𝑜𝑢𝑡) (4-5) 

𝑞𝑗
ℎ𝑢 = 𝐹𝑗(𝑇𝑗

𝑜𝑢𝑡 − 𝑡𝑗,1) (4-6) 

 

Energy balances for the exchangers located in the ORC stage between the ORC working fluid, 

the hot process streams 𝑖 ∈ 𝐻𝑃 (evaporators) and the cold process streams 𝑗 ∈ 𝐶𝑃 (condensers) 

are also illustrated in equations (4-7) and (4-8). At each of the evaporators, a split fraction (𝑟𝑤𝑖) 

of the total mass flowrate of the working fluid (𝑚̇𝑤), goes from a subcooled liquid state at the 

exit of the pump at the evaporation pressure (𝑃𝑒𝑣𝑎𝑝) and temperature 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛  to a saturated vapor 

at the same pressure and temperature 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 , higher than 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 . The average heat capacity of the 

working fluid at the liquid state until reaching the evaporation temperature (𝑐𝑝𝑤(𝑙)), as well as 

the latent heat of vaporization at the evaporator pressure 𝜆𝑒𝑣𝑎𝑝 are calculated separately using 

equations of state or extracted from properties databases. Likewise at each of the condensers, a 

split fraction (𝑟𝑤𝑗) of the total mass flowrate of the working fluid (𝑚̇𝑤), goes from a superheated 

vapor state at the exit of the turbine at the condensation pressure (𝑃𝑐𝑜𝑛𝑑) and temperature 𝑇𝑐𝑜𝑛𝑑
𝑖𝑛  

to a saturated liquid at the same pressure and temperature 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 , lower than 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 . Similar to 

the evaporation process, the average heat capacity of the working fluid at the gas state until 

reaching the condensation temperature (𝑐𝑝𝑤(𝑔)), as well as the latent heat of vaporization at the 

condenser pressure (𝜆𝑐𝑜𝑛𝑑) are calculated separately using equations of state or extracted from 

properties databases. If necessary, the rest of the working fluid (1 − ∑ 𝑟𝑤𝑗𝑗∈𝐶𝑃 ) is condensed at 

a dedicated exchanger which rejects excess energy to the cold utility, as illustrated in equation 

(4-9). 

𝑞𝑖
𝑒𝑣𝑎𝑝

= 𝐹𝑖(𝑡𝑖,𝑁𝑂𝐾+1 − 𝑡𝑖
𝑜𝑟𝑐) = 𝑚̇𝑤  𝑟𝑤𝑖 (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) (4-7) 
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𝑞𝑗
𝑐𝑜𝑛𝑑 = 𝐹𝑗(𝑡𝑗,𝑁𝑂𝐾+1 − 𝑇𝑗

𝑖𝑛) = 𝑚̇𝑤  𝑟𝑤𝑗 (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) (4-8) 

𝑞𝑎𝑐𝑢 = 𝑚̇𝑤 (1 − ∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) (4-9) 

 

Next, and as presented in Table 4-1, logical conditions for the temperatures in the formulation 

are provided to guarantee the non-negativity of the heat exchanger duties calculated in 

equations (4-3) to (4-8). Equations (4-10) and (4-11) assign logical relations to the temperatures 

at the hot and cold ends of the hot process streams 𝑖 ∈ 𝐻𝑃. Equation (4-10) indicates that the 

temperature at the first intra-process stage (𝑡𝑖,1) equals to the initial temperature of the stream 

(𝑇𝑖
𝑖𝑛). Equation (4-11) describes the logical relations between the temperatures at the cold end 

of the superstructure. The temperature at the last intra-process stage (𝑡𝑖,𝑁𝑂𝐾+1) should be greater 

or equal to the temperature of the stream after the ORC stage (𝑡𝑖
𝑜𝑟𝑐) , which likewise should be 

greater or equal to the target temperature of the process stream (𝑇𝑖
𝑜𝑢𝑡). Similarly, equations 

(4-12) and (4-13) assign logical relations to the temperatures at the hot and cold ends of the 

cold process streams 𝑗 ∈ 𝐶𝑃. In the hot end, equation (4-12) indicates that the target temperature 

of the stream (𝑇𝑗
𝑖𝑛) is greater or equal to the temperature at the first intra-process stage (𝑡𝑗,1). 

Equation (4-13) establishes that in the cold end, the temperature at the last intra-process stage 

(𝑡𝑗,𝑁𝑂𝐾+1) should be greater or equal to the initial temperature of the cold process stream (𝑇𝑗
𝑖𝑛). 

Equations (4-14) and (4-15) describe the monotonic decrease of the temperatures of the hot and 

cold process streams 𝑖 ∈ 𝐻𝑃 and 𝑗 ∈ 𝐶𝑃 at each subsequent intra-process stage 𝑘 ∈ 𝑆𝑇, starting 

on the hot end of the model (left hand side in Figure 4-2). 

𝑇𝑖
𝑖𝑛 = 𝑡𝑖,1 (4-10) 

𝑡𝑖,𝑁𝑂𝐾+1 ≥ 𝑡𝑖
𝑜𝑟𝑐 ≥ 𝑇𝑖

𝑜𝑢𝑡 (4-11) 

𝑇𝑗
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 (4-12) 

𝑡𝑗,𝑁𝑂𝐾+1 ≥ 𝑇𝑗
𝑖𝑛 (4-13) 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1 (4-14) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1 (4-15) 

 

Equation (4-16) provides a generic expression for upper limits (Ω) to the heat transfer duties 

(𝑞∗
†
) of all possible heat exchangers in the superstructure, as represented in Figure 4-2. In this 

expression, the binary variables (𝑧∗
†
) represent the existence of the different heat exchanger 

units. The optimization process will decide which process units exist in the final design 
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depending on the objective function. Similarly, equations (4-17) and (4-18) calculate the 

approach temperatures at the hot and cold ends (𝑑𝑡1∗
†
 and 𝑑𝑡2∗

†
) of each possible heat exchanger 

in the superstructure, relaxing the temperature constraints if there are no heat exchangers 

between the streams at the given location, and providing lower (Δ𝑇𝑚𝑖𝑛) and upper (Γ) limits to 

the allowed temperature differences in the system.  

In general, equations (4-16) to (4-18) are “Big-M” formulations, that is equations or constrains 

that are “turned on” or “turned off” depending on the value of a binary variable (z∗
†
). Big-M 

formulations are easy to implement but can lead to numerical instabilities and the performance 

of many of the available solvers for MILP and MINLP problems is heavily affected by the 

selection of suitable M values (Ω and Γ in equations (4-16) to (4-18)). From a mathematical 

point of view, any value of M large enough to guarantee that the constrains are active (or 

inactive) when z∗
† = 1 (or z∗

† = 0) , is a suitable candidate for M, but M values that are “too 

big”, have a negative impact on the performance of the optimization solvers (Bonami et al. 

2015). In the literature on HEN synthesis, the M values are usually defined as the “maximum 

possible values” for the variables in the constrains that make physical sense, that is the upper 

limits for the heat transfer duties values (Ω) and approach temperatures in the heat exchanger 

(Γ) in equations (4-16) to (4-18)), but this is a rather arbitrary choice.  

Table 4-5 presents all the possible heat exchangers in the superstructures for the process 

integration of ORCs, ABCs or both into HENs in continuous processes (HEN-ORC, HEN-ABC 

and HEN-WHR) and the symbols for their heat exchanger duties, the binary variables 

representing their existence and the corresponding temperature differences at the hot and cold 

ends (∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 and ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑) of the heat exchangers. 

𝑞∗
† −  𝛺𝑧∗

† ≤ 0 (4-16) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1∗
†  ≤ ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 + 𝛤(1 − 𝑧∗

†) (4-17) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2∗
†  ≤ ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 + 𝛤(1 − 𝑧∗

†) (4-18) 

 

As mentioned in Table 4-2, due to the ORC integration, additional mass balances for the 

working fluid split streams in the ORC-Evaporators and ORC-Condensers should be 

considered. Equation (4-19) illustrates that the entire working fluid is evaporated through heat 

exchange with the hot process streams and the inequality in expression (4-20) indicates that 

part of the working fluid can condense releasing energy to the cold utility instead of exchanging 

heat with the cold process streams.  
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∑ 𝑟𝑤𝑖
𝑖∈𝐻𝑃

= 1 (4-19) 

∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

≤ 1 (4-20) 

 

Additional equations are also required for the evaporators and condensers to guarantee that the 

approach temperature constraints are maintained inside of the process units during the phase 

change of the working fluid. Equations (4-21) and (4-22) calculate the minimum approach 

temperature inside of the evaporators and condensers during the phase change. 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖
𝑜𝑟𝑐 +

𝑚̇𝑤 𝑟𝑤𝑖 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 )

𝐹𝑖 
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝

) (4-21) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗
𝑐𝑜𝑛𝑑 ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1 −
𝑚̇𝑤  𝑟𝑤𝑗 𝑐𝑝𝑤(𝑔)  (𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 )

𝐹𝑗 
 ) + 𝛤(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑) (4-22) 

 

Other specific equations required due to the ORC integration (Table 4-2) include the equations 

for the work generated by the turbine and required by the pump. They are calculated as the 

product of the mass flow of working fluid (𝑚̇𝑤 ) and the specific work required or generated 

per mass unit (𝑤𝑝𝑢𝑚𝑝 and 𝑤𝑡𝑢𝑟𝑏 for the pump and turbine respectively). Equations (4-23) and 

(4-24) describe these relations. The specific work of turbines and pumps is calculated separately 

from the optimization model, as the difference between the specific enthalpies of the working 

fluid before and after the turbines and pumps, respectively. An extended discussion on the 

calculations of the thermophysical properties of the working fluids, as well as an exemplary 

calculation of the specific enthalpies of the working fluid at different locations in the ORC cycle 

including the calculation of the specific work of turbines and pumps is found in Appendix B.  

𝑊𝑝𝑢𝑚𝑝 = 𝑚̇𝑤  𝑤𝑝𝑢𝑚𝑝 (4-23) 

𝑊𝑡𝑢𝑟𝑏 = 𝑚̇𝑤  𝑤𝑡𝑢𝑟𝑏 (4-24) 

 

For the HEN-ORC model, the objective function is the minimization of the “Total Annualized 

Cost” (TAC) of the system, which is equal to the sum of the TAC of the subsystems (HEN and 

ORC) as defined in equations (4-25) to (4-27). The TAC of the ORC includes the revenues due 

to the sale of the net electricity generated as presented in equation (4-27). In this expressions 

𝐻𝑦 indicates the hours of operation per year, 𝑒𝑝𝑟𝑖𝑐𝑒 and 𝑒𝑐𝑜𝑠𝑡 the price and for the net electricity 

generated and consumed by the system, 𝑐𝑐𝑢 and 𝑐ℎ𝑢 the unitary costs for the cold and hot 

utilities, 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 and 𝑐𝑣𝑎𝑟

𝐻𝐸𝑁 the fixed and variable cost factors for the heat exchanger units, 𝑈∗
†
 the 

overall heat transfer coefficients for the heat exchangers in the superstructure and 𝐿𝑀𝑇𝐷∗
†
 the 
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“Logarithmic Mean Temperature Differences” between the streams at a given location. An 

extended discussion about the 𝐿𝑀𝑇𝐷 can be found in section 4.3. Also in the expression, 𝑐𝑓𝑖𝑥
𝑡𝑢𝑟𝑏, 

𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝

 and 𝑐𝑣𝑎𝑟
𝑡𝑢𝑟𝑏, 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝
 represent the fixed and variable cost factors for turbines and pumps, 

𝛽𝐻𝐸𝑁 , 𝛽𝑝𝑢𝑚𝑝 and 𝛽𝑡𝑢𝑟𝑏 the cost exponents associated to the variable costs of heat exchangers, 

pumps and turbines, respectively and 𝐴𝐹 the annualization factor for the equipment costs.  

𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝑂𝑅𝐶 (4-25) 

  

𝑇𝐴𝐶𝐻𝐸𝑁 = 

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦 ∑ 𝑐𝑐𝑢𝑞𝑖

𝑐𝑢

𝑖∈𝐻𝑃

+𝐻𝑦 ∑ 𝑐ℎ𝑢𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
))

+𝐴𝐹

(

 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 

∑ ∑ ∑ (
𝑞𝑖,𝑗,𝑘

𝑈𝑖,𝑗,𝑘𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘
)

𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

 

+ ∑ (
𝑞𝑖
𝑐𝑢

𝑈𝑖
𝑐𝑢𝐿𝑀𝑇𝐷𝑖

𝑐𝑢)

𝛽𝐻𝐸𝑁

+ ∑ (
𝑞𝑗
ℎ𝑢

𝑈𝑗
ℎ𝑢𝐿𝑀𝑇𝐷𝑗

ℎ𝑢)

𝛽𝐻𝐸𝑁

 

𝑗∈𝐶𝑃𝑖∈𝐻𝑃 )

 
 
 
 

)

 
 
 
 

}
 
 
 
 
 

 
 
 
 
 

 (4-26) 

  

𝑇𝐴𝐶𝑂𝑅𝐶 = 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 

−𝐻𝑦 𝑒𝑝𝑟𝑖𝑐𝑒𝑊𝑡𝑢𝑟𝑏 +𝐻𝑦 𝑒𝑐𝑜𝑠𝑡𝑊𝑝𝑢𝑚𝑝)

+ 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢))

+𝐴𝐹

(

 
 
 
 
 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 ∑ (

𝑞𝑖
𝑒𝑣𝑎𝑝

𝑈𝑖
𝑒𝑣𝑎𝑝

 𝐿𝑀𝑇𝐷𝑖
𝑒𝑣𝑎𝑝)

𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑗
𝑐𝑜𝑛𝑑

𝑈𝑗
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗

𝑐𝑜𝑛𝑑)

𝛽𝐻𝐸𝑁

 

𝑗∈𝐶𝑃

+(
𝑞𝑎𝑐𝑢

𝑈𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑎𝑐𝑢
)

𝛽𝐻𝐸𝑁

 )

 
 
 
 
 
 
 

)

 
 
 
 
 
 
 
 

+𝐴𝐹(𝑐𝑓𝑖𝑥
𝑡𝑢𝑟𝑏 + 𝑐𝑓𝑖𝑥

𝑝𝑢𝑚𝑝
) +  𝐴𝐹 (𝑐𝑣𝑎𝑟

𝑡𝑢𝑟𝑏𝑊𝑡𝑢𝑟𝑏 
𝛽𝑡𝑢𝑟𝑏  + 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝
𝑊𝑝𝑢𝑚𝑝 

𝛽𝑝𝑢𝑚𝑝)}
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4.2.1.2 Absorption Chillers (HEN-ABC)  

A schematic representation of the superstructure for the process integration of ABCs into HENs 

in continuous processes (HEN-ABC) is depicted in Figure 4-3. Not all possible matches 

between the process streams are included (e.g., streams splits, etc.). Also for clarity, only two 

hot and two cold process streams are presented, but the superstructure and its associated 

mathematical model are suitable for any arbitrary number of process streams. The heat 

exchange between process streams takes place in the inner stages of the superstructure. Hot and 
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cold utilities located at their dedicated stages at the hot and cold ends of the superstructure can 

also provide/remove energy to/from the process streams. The heat exchange between the 

process streams and the fluids circulating in the ABC (“Refrigerant” and “Refrigerant 

Solution”) takes place in two dedicated stages located at the cold end of the hot process streams, 

one before and one after the cold utility stage. In the first dedicated stage, located between the 

cold utility and the last stage of intra-process energy exchange, the hot process streams 

exchange energy with the generators of the ABC. The energy from the hot process streams is 

used in the generators of the ABC, to evaporate the refrigerant and separate it from the weak 

refrigerant solution coming from the absorber. The refrigerant in gaseous state coming from the 

generators mixes isothermally and flows to one central condenser where it releases heat to the 

cold utility leaving the unit as a saturated liquid. The liquid refrigerant circulates through an 

expansion valve, reducing its pressure and decreasing its temperature. The cooled refrigerant 

flows to the evaporators where it exchanges heat with the hot process streams in the second 

dedicated stage, located after the cold utility stage at the cold end of the superstructure, 

providing cooling to the streams. The refrigerant leaving the evaporators as a saturated gas is 

again mixed isothermally and returns to one central absorber where it is mixed with the strong 

solution returning from the generators to be cooled down using the cold utility. Finally, the 

solution is pumped back to the generator to restart the cycle. An additional heat exchanger is 

used to recover heat from the strong solution returning to the absorber and preheat the weak 

solution flowing to the generator.  

As with HEN-ORC, the structure of the mathematical model for HEN-ABC is a combination 

of common equations used for all models, presented in Table 4-1, and specific equations due to 

the integration of the ABC, presented in Table 4-2. Equations (4-28) to (4-35) present the 

energy balances for the process streams and stages as mentioned in Table 4-1. Equations (4-28) 

and (4-29) represent overall energy balances for the hot and cold process streams 𝑖 ∈ 𝐻𝑃 and 

𝑗 ∈ 𝐶𝑃. Hot process streams exchange heat with cold process streams (𝑞𝑖,𝑗,𝑘) and the cold utility 

(𝑞𝑖
𝑐𝑢), with additional terms representing the heat exchange with the ABC at the ABC-Generator 

(𝑞𝑖
𝑎𝑏𝑐𝑔

) and ABC-Evaporator (𝑞𝑖
𝑎𝑏𝑐𝑒) stages. Cold process streams exchange heat only with hot 

process streams (𝑞𝑖,𝑗,𝑘) or with the hot utility (𝑞𝑗
ℎ𝑢).  

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖
𝑎𝑏𝑐𝑔

+ 𝑞𝑖
𝑐𝑢 + 𝑞𝑖

𝑎𝑏𝑐𝑒 = 𝐹𝑖(𝑇𝑖
𝑖𝑛 − 𝑇𝑖

𝑜𝑢𝑡)  (4-28) 

∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞𝑗
ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛)

𝑖∈𝐻𝑃

 (4-29) 
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The energy balances for the inner stages of the superstructure, where only intra-process energy 

exchange occurs, are similar to those of the HEN-ORC model and are described by equations 

(4-30) and (4-31). 

∑ 𝑞𝑖,𝑗,𝑘
𝑗∈𝐶𝑃

= 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1) (4-30) 

∑ 𝑞𝑖,𝑗,𝑘
𝑖∈𝐻𝑃

= 𝐹𝑗(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1) (4-31) 

  

Equations (4-32) and (4-33) illustrate the energy balances for the utilities. For the cold utilities, 

𝑡𝑖
𝑎𝑏𝑐𝑔

 represents the temperature of the hot process stream 𝑖 ∈ 𝐻𝑃 after the energy exchange 

with the ABC-Generators, and 𝑡𝑖
𝑎𝑏𝑐𝑒 the temperature of the hot process stream 𝑖 ∈ 𝐻𝑃 before 

the energy exchange with the ABC-Evaporators. In the case of the hot utilities, the energy 

balance is similar to the balance in the HEN-ORC model.  

𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑡𝑖

𝑎𝑏𝑐𝑔
−  𝑡𝑖

𝑎𝑏𝑐𝑒) (4-32) 

𝑞𝑗
ℎ𝑢 = 𝐹𝑗(𝑇𝑗

𝑜𝑢𝑡 − 𝑡𝑗,1) (4-33) 

 

Equations (4-34) and (4-35) describe the energy balances for ABC-Generator and ABC-

Evaporator stages.  

𝑞𝑖
𝑎𝑏𝑐𝑔

= 𝐹𝑖(𝑡𝑖,𝑁𝑂𝐾+1 −  𝑡𝑖
𝑎𝑏𝑐𝑔

) (4-34) 

𝑞𝑖
𝑎𝑏𝑐𝑒 = 𝐹𝑖(𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑖
𝑜𝑢𝑡) (4-35) 

 

Similar to HEN-ORC, logical conditions for the temperatures in the superstructure are 

provided. Equations (4-36) to (4-41) assign temperatures for the hot and cold process streams 

𝑖 ∈ 𝐻𝑃 and 𝑗 ∈ 𝐶𝑃 at the cold and hot ends of the superstructure and establish mathematical 

constraints between the stream temperatures in different locations of the system. 

𝑇𝑖
𝑖𝑛 = 𝑡𝑖,1 (4-36) 

𝑡𝑖,𝑁𝑂𝐾+1 ≥ 𝑡𝑖
𝑎𝑏𝑐𝑔

≥ 𝑡𝑖
𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖

𝑜𝑢𝑡 (4-37) 

𝑇𝑗
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 (4-38) 

𝑡𝑗,𝑁𝑂𝐾+1 ≥ 𝑇𝑗
𝑖𝑛 (4-39) 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1 (4-40) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1 (4-41) 
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Figure 4-3. Schematic representation of the Superstructure for the Process Integration of Absorption Chillers into Continuous Processes (HEN-ABC) 

Source: Own diagram 
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As with HEN-ORC, equations (4-42) to (4-44) offer generic expressions for the heat transfer 

duties and approach temperatures for every possible exchanger in the superstructure, as 

illustrated in Figure 4-3. For the ABC-Condenser and ABC-Absorber no binary variables have 

been defined. The formulation calculates their approach temperatures with the cold utility 

assuming that the ABC-Condenser and ABC-Absorber exist, and they are equal to ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 

and ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 as defined in Table 4-5. 

𝑞∗
† −  𝛺𝑧∗

† ≤ 0 (4-42) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1∗
†  ≤ ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 + 𝛤(1 − 𝑧∗

†) (4-43) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2∗
†  ≤ ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 + 𝛤(1 − 𝑧∗

†) (4-44) 

 

Equations (4-45) to (4-51) provide the specific additional equations required for the integration 

of the ABC as presented in Table 4-2. Equation (4-45) and (4-46) offer definitions for the COP 

and C2G of the system and equation (4-47) provides an overall energy balance for the 

refrigeration cycle. 

𝐶𝑂𝑃 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

 (4-45) 

𝐶2𝐺 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 (4-46) 

∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎 (4-47) 

 

Equations (4-48) to (4-51) present the generic forms of the fit functions generated for different 

parameters and temperatures in the absorption cycle. The 𝐶𝑂𝑃 and 𝐶2𝐺 as defined in equations 

(4-45) and (4-46) are functions of the temperatures of the refrigerant and refrigerant solution in 

different locations of the cycle. In this work, an expression describing 𝐶𝑂𝑃 as a function of the 

temperature of the refrigerant solution at the exit of the ABC-Generators (𝑡𝑔𝑒𝑛) is developed. 

This function, as described in Appendix A, is obtained by data fitting procedures and is based 

on a detailed mathematical simulation of the behavior of the ABC. In the simulation, the 

physical behavior of the system is described as a function of: 1) the temperature of the 

refrigerant solution at the exit of the generator (𝑡𝑔𝑒𝑛), 2) the refrigeration temperature, that is 

the target temperature of the refrigerant at the evaporator (𝑇𝑟𝑒𝑓), 3) the condensation 

temperature, described as the temperature of the refrigerant at the exit of the ABC-Condenser 

(𝑇𝑐𝑜𝑛𝑑), 4) the absorption temperature, defined as the temperature of the refrigerant solution at 

the exit of the ABC-Absorber (𝑇𝑎𝑏𝑠) and 5) the effectiveness of the “Solution Heat Exchanger” 

(𝜀𝑆𝐻𝐸𝑋) as defined in Appendix A. The values of 𝑇𝑐𝑜𝑛𝑑 and 𝑇𝑎𝑏𝑠 have been assumed equal and 
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set to the initial temperature of the cold utility (𝑇𝑐𝑢
𝑖𝑛) plus the minimum approach temperature 

allowed (∆𝑇𝑚𝑖𝑛). For more details about the simulation of the ABC please refer to Appendix 

A. 

For the described conditions and using the assumptions and procedures in Appendix A for given 

refrigeration and condensation temperatures 𝑇𝑟𝑒𝑓 and 𝑇𝑐𝑜𝑛𝑑, and a given effectiveness of the 

SHEX, 𝜀𝑆𝐻𝐸𝑋, a unique set of fit functions describing the behavior of the ABC is generated. All 

the fit functions obtained have 𝑅2 ≥ 0.95. In the case of 𝐶2𝐺, a fit function relating its value 

to the 𝐶𝑂𝑃 of the ABC is also developed using similar data fitting procedures. Equation (4-48) 

and (4-49) present the generic form of the fit functions generated for the 𝐶𝑂𝑃 and 𝐶2𝐺. 

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛 (4-48) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (4-49) 

 

Additional fit functions for temperatures of the refrigerant and refrigerant solution at key 

locations in the ABC are also generated. Equations (4-50) and (4-51) present the generic forms 

for the temperature of the refrigerant solution at the entry of the ABC-Generators (𝑡𝑔𝑒𝑛
𝑖𝑛 ) and the 

entry of the ABC-Absorber (𝑡𝑎𝑏𝑠
𝑖𝑛 ). These temperatures are used to calculate the LMTDs at the 

ABC-Generator and ABC-Absorber, and therefore to calculate their required heat transfer 

areas, which are necessary to determine the TAC of the system. 𝐶1 to 𝐶11 are the fitting 

parameters for the different fit functions generated for a given ABC with refrigeration and 

condensation temperatures 𝑇𝑟𝑒𝑓 and 𝑇𝑐𝑜𝑛𝑑 and effectiveness of the SHEX, 𝜀𝑆𝐻𝐸𝑋.  

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2 + 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (4-50) 

𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (4-51) 

 

Equations (4-52) to (4-54) describe the objective function for the HEN-ABC model. In this 

expressions, the “Total Annualized Cost” (TAC) is defined as the sum of all annual operating 

costs for the system and the annualized capital costs of all components, including those in the 

ABC. Pumping cost for the ABC as well as the pump capital costs are negligible in comparison 

with heat exchanger costs and therefore are not taken under consideration (Mussati et al. 2016). 

Additionally, no fixed costs were considered for the ABC-Condenser and ABC-Absorber and 

only their variable costs as a function of their required heat exchanger area, are accounted in 

the objective function (See Section 1.3 for a detail list of all the assumptions).  
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𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝐴𝐵𝐶 (4-52) 

  

𝑇𝐴𝐶𝐻𝐸𝑁 = 

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦 ∑ 𝑐𝑐𝑢𝑞𝑖

𝑐𝑢

𝑖∈𝐻𝑃

+𝐻𝑦 ∑ 𝑐ℎ𝑢𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
))

+𝐴𝐹

(

 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 

∑ ∑ ∑ (
𝑞𝑖,𝑗,𝑘

𝑈𝑖,𝑗,𝑘𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘
)

𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

 

+ ∑ (
𝑞𝑖
𝑐𝑢

𝑈𝑖
𝑐𝑢𝐿𝑀𝑇𝐷𝑖

𝑐𝑢)

𝛽𝐻𝐸𝑁

+ ∑ (
𝑞𝑗
ℎ𝑢

𝑈𝑗
ℎ𝑢𝐿𝑀𝑇𝐷𝑗

ℎ𝑢)

𝛽𝐻𝐸𝑁

 

𝑗∈𝐶𝑃𝑖∈𝐻𝑃 )

 
 
 
 

)

 
 
 
 

}
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𝑇𝐴𝐶𝐴𝐵𝐶 = 

{
 
 
 
 
 
 

 
 
 
 
 
 

𝐻𝑦𝑐𝑐𝑢(𝑞
𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎)

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

))

+𝐴𝐹

(

 
 
 
 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 ∑ (

𝑞𝑖
𝑎𝑏𝑐𝑔

𝑈𝑖
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑔

)

𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑖
𝑎𝑏𝑐𝑒

𝑈𝑖
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖

𝑎𝑏𝑐𝑒)

𝛽𝐻𝐸𝑁

 

𝑖∈𝐻𝑃

+(
𝑞𝑎𝑏𝑐𝑐

𝑈𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑐
)

𝛽𝐻𝐸𝑁

+ (
𝑞𝑎𝑏𝑐𝑎

𝑈𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑎
)

𝛽𝐻𝐸𝑁

 )

 
 
 
 
 
 
 

)

 
 
 
 
 
 
 

}
 
 
 
 
 
 

 
 
 
 
 
 

 (4-54) 

  

4.2.1.3 Combined Model (HEN-WHR)  

A schematic representation of the combined superstructure for the process integration of ORCs 

and ABCs into HENs in continuous processes (HEN-WHR) is presented in Figure 4-4. Similar 

to previous diagrams, not all possible matches between the process streams are included (e.g., 

streams splits, etc.). Also for clarity, only two hot and two cold process streams are presented, 

but the superstructure and its associated mathematical model are suitable for any arbitrary 

number of process streams. For brevity, the group of ORC and ABC is referred to simply as 

“Waste Heat Recovery” (WHR) system. This superstructure combines HEN-ORC and HEN-

ABC and the mathematical formulation is a combination of equations from the mentioned 

models.  
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Figure 4-4. Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles and Absorption Chillers into Continuous Processes (HEN-

WHR) 

Source:  Own diagram 
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As in HEN-ORC and HEN-ABC, the heat exchange between process streams takes place in the 

inner stages of the superstructure. Additional dedicated stages allow the integration of the WHR 

technologies into the system. After exchanging energy with the cold process streams, the hot 

process streams can exchange heat with the dry working fluid circulating in the ORC-

Evaporators in the ORC stage located directly after the last intra-process stage. This energy 

powers the ORC cycle as described in HEN-ORC (Section 4.2.1.1). The hot process streams 

can subsequently exchange energy with the refrigerant solution flowing through the ABC-

Generators in their dedicated stage and then be cooled down by the cold utility. The energy 

supplied to the ABC-Generators powers the refrigeration cycle and generates a cooling effect 

in the ABC-Evaporators, as described in HEN-ABC (Section 4.2.1.2). The refrigerant can then 

exchange energy back with the hot process streams to provide cooling at temperatures below 

the temperature of the cold utility at the dedicated stage located at the cold end of the hot process 

streams. The cold process streams, similar to HEN-ORC, can be heated by energy from the 

ORC-Condensers at the ORC stage and then exchange heat with the hot process streams. The 

remaining energy required to achieve their target temperatures is provided by the hot utility. 

The energy exchange between the hot process streams and the ORC precedes the exchange 

between the hot process streams and the ABC, because of the higher temperatures required to 

drive the ORC cycle, in comparison with the absorption refrigeration cycle.  

General equations as described in Table 4-1 are provided in equations (4-55) to (4-74). In the 

HEN-WHR formulation, equations (4-55) and (4-56) represent the overall energy balances for 

the process streams. The hot process streams 𝑖 ∈ 𝐻𝑃 can exchange energy with the cold process 

streams 𝑗 ∈ 𝐶𝑃, the ORC-Evaporator, the ABC-Generators, the cold utility and the ABC-

Evaporators. As for the cold process streams 𝑗 ∈ 𝐶𝑃, they can exchange energy with the ORC-

Condensers and the hot process streams 𝑖 ∈ 𝐻𝑃.  

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖
𝑒𝑣𝑎𝑝

+ 𝑞𝑖
𝑎𝑏𝑐𝑔

+ 𝑞𝑖
𝑐𝑢 + 𝑞𝑖

𝑎𝑏𝑐𝑒 = 𝐹𝑖(𝑇𝑖
𝑖𝑛 − 𝑇𝑖

𝑜𝑢𝑡)  (4-55) 

∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞𝑗
𝑐𝑜𝑛𝑑 + 𝑞𝑗

ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛)

𝑖∈𝐻𝑃

 (4-56) 

 

Energy balances for each of the intra-process stages are depicted in equations (4-57) and (4-58). 

The energy balances are identical to those used in HEN-ORC and HEN-ABC. 

∑ 𝑞𝑖,𝑗,𝑘
𝑗∈𝐶𝑃

= 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1) (4-57) 

∑ 𝑞𝑖,𝑗,𝑘
𝑖∈𝐻𝑃

= 𝐹𝑗(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1) (4-58) 
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The energy balances for the hot and cold utilities are identical to those used in HEN-ABC, as 

presented in equations (4-59) and (4-60). 

𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑡𝑖

𝑎𝑏𝑐𝑔
−  𝑡𝑖

𝑎𝑏𝑐𝑒) (4-59) 

𝑞𝑗
ℎ𝑢 = 𝐹𝑗(𝑇𝑗

𝑜𝑢𝑡 − 𝑡𝑗,1) (4-60) 

 

Equations (4-61) to (4-63) illustrate the energy balances for the ORC-Evaporators and ORC-

Condensers. The equations are identical to those used in HEN-ORC. 

𝑞𝑖
𝑒𝑣𝑎𝑝

= 𝐹𝑖(𝑡𝑖,𝑁𝑂𝐾+1 − 𝑡𝑖
𝑜𝑟𝑐) = 𝑚̇𝑤  𝑟𝑤𝑖  (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) (4-61) 

𝑞𝑗
𝑐𝑜𝑛𝑑 = 𝐹𝑗(𝑡𝑗,𝑁𝑂𝐾+1 − 𝑇𝑗

𝑖𝑛) = 𝑚̇𝑤  𝑟𝑤𝑗  (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) (4-62) 

𝑞𝑎𝑐𝑢 = 𝑚̇𝑤 (1 − ∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) (4-63) 

 

As for the ABC-Generators and ABC-Condensers, the energy balances, as presented in 

equations (4-64) and (4-65), are similar to those in HEN-ABC. In the case of the ABC-

Generators a small modification to the temperatures used is needed, in order to correctly 

represent the new position of the ABC-Generators stage. As described before, the ABC-

Generator stage in the HEN-WHR superstructure is located after the ORC stage, instead of 

being located directly after the last intra-process stage like in HEN-ABC. 

𝑞𝑖
𝑎𝑏𝑐𝑔

= 𝐹𝑖(𝑡𝑖
𝑜𝑟𝑐 −  𝑡𝑖

𝑎𝑏𝑐𝑔
) (4-64) 

𝑞𝑖
𝑎𝑏𝑐𝑒 = 𝐹𝑖(𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑖
𝑜𝑢𝑡) (4-65) 

 

Equations (4-66) to (4-71) assign logical conditions for the temperatures at the hot and cold 

ends of the process streams and also provide logical relations between the temperatures of the 

process streams at different locations in the superstructure. 

𝑇𝑖
𝑖𝑛 = 𝑡𝑖,1 (4-66) 

𝑡𝑖,𝑁𝑂𝐾+1 ≥ 𝑡𝑖
𝑜𝑟𝑐 ≥ 𝑡𝑖

𝑎𝑏𝑐𝑔
≥ 𝑡𝑖

𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖
𝑜𝑢𝑡 (4-67) 

𝑇𝑗
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 (4-68) 

𝑡𝑗,𝑁𝑂𝐾+1 ≥ 𝑇𝑗
𝑖𝑛 (4-69) 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1 (4-70) 
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𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1 (4-71) 

 

As with the previous models, equations (4-72) to (4-74) offer generic expressions for the heat 

transfer duties and approach temperatures for all the possible heat exchangers in the 

superstructure as illustrated in Figure 4-4. ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 and ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 are defined in Table 4-5. 

𝑞∗
† −  𝛺𝑧∗

† ≤ 0 (4-72) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1∗
†  ≤ ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 + 𝛤(1 − 𝑧∗

†) (4-73) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2∗
†  ≤ ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 + 𝛤(1 − 𝑧∗

†) (4-74) 

 

The specific equations for HEN-WHR due to the integration of the WHR technologies are a 

combination of the specific equations for HEN-ORC and HEN-ABC as presented in Table 4-2. 

Mass balances for the working fluids in case of stream splits in the ORC-Evaporators and ORC-

Condensers are provided in equations (4-75) and (4-76) and they are identical to those used in 

HEN-ORC. 

∑ 𝑟𝑤𝑖
𝑖∈𝐻𝑃

= 1 (4-75) 

∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

≤ 1 (4-76) 

 

As with HEN-ORC, additional equations are required to guarantee that the approach 

temperature constraints are maintained inside the ORC-Evaporators and ORC-Condensers 

during the phase change of the working fluid. Equations (4-77) and (4-78) calculate the 

minimum approach temperature inside of the evaporators and condensers during the phase 

change and are identical to the equations developed for HEN-ORC. 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖
𝑜𝑟𝑐 +

𝑚̇𝑤 𝑟𝑤𝑖 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 )

𝐹𝑖 
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝

) (4-77) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗
𝑐𝑜𝑛𝑑 ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1 −
𝑚̇𝑤  𝑟𝑤𝑗 𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 )

𝐹𝑗 
 ) + 𝛤(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑) (4-78) 

 

Equations (4-79) and (4-80) calculate the work generated by the turbine and required by the 

pump in the ORC as a function of the mass flow of working fluid and the specific work required 

or generated per mass unit. 

𝑊𝑝𝑢𝑚𝑝 = 𝑚̇𝑤  𝑤𝑝𝑢𝑚𝑝 (4-79) 

𝑊𝑡𝑢𝑟𝑏 = 𝑚̇𝑤  𝑤𝑡𝑢𝑟𝑏 (4-80) 
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Equations (4-81) to (4-83) offer additional definitions for COP and C2G as well as a general 

energy balance for the refrigeration cycle in HEN-WHR. The equations are identical to those 

used in HEN-ABC. 

𝐶𝑂𝑃 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

 (4-81) 

𝐶2𝐺 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 (4-82) 

∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎 (4-83) 

 

As with HEN-ABC, fit functions describing the physical behavior of the ABC, are presented. 

Equations (4-84) to (4-87) present the fit functions developed for the 𝐶𝑂𝑃, 𝐶2𝐺, 𝑡𝑔𝑒𝑛
𝑖𝑛  and 𝑡𝑎𝑏𝑠

𝑖𝑛 , 

respectively. The equations are identical to those used in HEN-ABC with 𝐶1 to 𝐶11 representing 

the fitting parameters.  

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛 (4-84) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (4-85) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2 + 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (4-86) 

𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (4-87) 

 

For HEN-WHR the objective function, the “Total Annualized Cost” (TAC), is defined as the 

sum of the TACs of all the constituent subsystems (HEN, ORC and ABC). Equation (4-88) 

presents the TAC of HEN-WHR as a combination of equations (4-89) to (4-91) for the TACs 

of the HEN, ORC and ABC respectively.  

𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝑂𝑅𝐶 + 𝑇𝐴𝐶𝐴𝐵𝐶 (4-88) 

  

𝑇𝐴𝐶𝐻𝐸𝑁 = 

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦 ∑ 𝑐𝑐𝑢𝑞𝑖

𝑐𝑢

𝑖∈𝐻𝑃

+𝐻𝑦 ∑ 𝑐ℎ𝑢𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
))

+𝐴𝐹

(

 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 

∑ ∑ ∑ (
𝑞𝑖,𝑗,𝑘

𝑈𝑖,𝑗,𝑘𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘
)

𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

 

+ ∑ (
𝑞𝑖
𝑐𝑢

𝑈𝑖
𝑐𝑢𝐿𝑀𝑇𝐷𝑖

𝑐𝑢)

𝛽𝐻𝐸𝑁

+ ∑ (
𝑞𝑗
ℎ𝑢

𝑈𝑗
ℎ𝑢𝐿𝑀𝑇𝐷𝑗

ℎ𝑢)

𝛽𝐻𝐸𝑁

 

𝑗∈𝐶𝑃𝑖∈𝐻𝑃 )

 
 
 
 

)

 
 
 
 

}
 
 
 
 
 

 
 
 
 
 

 (4-89) 
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𝑇𝐴𝐶𝑂𝑅𝐶 = 

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 

−𝐻𝑦 𝑒𝑝𝑟𝑖𝑐𝑒𝑊𝑡𝑢𝑟𝑏 +𝐻𝑦 𝑒𝑐𝑜𝑠𝑡𝑊𝑝𝑢𝑚𝑝)

+ 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢))

+𝐴𝐹

(

 
 
 
 
 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 ∑ (

𝑞𝑖
𝑒𝑣𝑎𝑝

𝑈𝑖
𝑒𝑣𝑎𝑝

 𝐿𝑀𝑇𝐷𝑖
𝑒𝑣𝑎𝑝)

𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑗
𝑐𝑜𝑛𝑑

𝑈𝑗
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗

𝑐𝑜𝑛𝑑)

𝛽𝐻𝐸𝑁

 

𝑗∈𝐶𝑃

+(
𝑞𝑎𝑐𝑢

𝑈𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑎𝑐𝑢
)

𝛽𝐻𝐸𝑁

 )

 
 
 
 
 
 
 

)

 
 
 
 
 
 
 
 

+𝐴𝐹(𝑐𝑓𝑖𝑥
𝑡𝑢𝑟𝑏 + 𝑐𝑓𝑖𝑥

𝑝𝑢𝑚𝑝
) +  𝐴𝐹 (𝑐𝑣𝑎𝑟

𝑡𝑢𝑟𝑏𝑊𝑡𝑢𝑟𝑏 
𝛽𝑡𝑢𝑟𝑏  + 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝
𝑊𝑝𝑢𝑚𝑝 

𝛽𝑝𝑢𝑚𝑝)}
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 (4-90) 

  

𝑇𝐴𝐶𝐴𝐵𝐶 = 

{
 
 
 
 
 
 

 
 
 
 
 
 

𝐻𝑦𝑐𝑐𝑢(𝑞
𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎)

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

))

+𝐴𝐹

(

 
 
 
 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 ∑ (

𝑞𝑖
𝑎𝑏𝑐𝑔

𝑈𝑖
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑔

)

𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑖
𝑎𝑏𝑐𝑒

𝑈𝑖
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖

𝑎𝑏𝑐𝑒)

𝛽𝐻𝐸𝑁

 

𝑖∈𝐻𝑃

+(
𝑞𝑎𝑏𝑐𝑐

𝑈𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑐
)

𝛽𝐻𝐸𝑁

+ (
𝑞𝑎𝑏𝑐𝑎

𝑈𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑎
)

𝛽𝐻𝐸𝑁

 )

 
 
 
 
 
 
 

)

 
 
 
 
 
 
 

}
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Table 4-5. Heat exchanger duties, binary variables and approach temperatures for all the possible heat 

exchangers in the Superstructures for the Process Integration of Waste Heat Recovery 

Technologies into Heat Exchanger Networks in Continuous Processes 

Source :  Own table

Type of 

Heat 

Exchanger 

Heat 

Exchanger 

Duty 

Binary 

Variable 

Appr. 

Temp. 

Model 

HEN-ORC HEN-ABC HEN-WHR 

Intra-

Process 
𝑞𝑖,𝑗,𝑘 𝑧𝑖,𝑗,𝑘 

∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 

Cold 

Utility-Hot 

Process 

Stream 

𝑞𝑖
𝑐𝑢 𝑧𝑖

𝑐𝑢 
∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 𝑡𝑖

𝑜𝑟𝑐 − 𝑇𝑐𝑢
𝑜𝑢𝑡  𝑡𝑖

𝑎𝑏𝑐𝑔
− 𝑇𝑐𝑢

𝑜𝑢𝑡  𝑡𝑖
𝑎𝑏𝑐𝑔

− 𝑇𝑐𝑢
𝑜𝑢𝑡  

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 𝑇𝑖
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑖𝑛 𝑡𝑖
𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢

𝑖𝑛 𝑡𝑖
𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢

𝑖𝑛 

Hot Utility-

Cold 

Process 

Stream 

𝑞𝑗
ℎ𝑢 𝑧𝑗

ℎ𝑢 
∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗
𝑜𝑢𝑡  𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗
𝑜𝑢𝑡  𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗
𝑜𝑢𝑡  

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 𝑇ℎ𝑢
𝑜𝑢𝑡 −  𝑡𝑗,1 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 𝑇ℎ𝑢
𝑜𝑢𝑡 −  𝑡𝑗,1 

ORC 

Evaporator-

Hot 

Process 

Stream 

𝑞𝑖
𝑒𝑣𝑎𝑝 𝑧𝑖

𝑒𝑣𝑎𝑝  

∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑  𝑡𝑖,𝑁𝑂𝐾+1 − 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  -  𝑡𝑖,𝑁𝑂𝐾+1 − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡  

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 𝑡𝑖
𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛  - 𝑡𝑖
𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛  

ORC 

Condenser 

-Cold 

Process 

Stream 

𝑞𝑗
𝑐𝑜𝑛𝑑  𝑧𝑗

𝑐𝑜𝑛𝑑  

∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1 - 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1 

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 −  𝑇𝑗

𝑖𝑛 - 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 −  𝑇𝑗

𝑖𝑛 

ORC 

Condenser-

Cold 

Utility  

𝑞𝑎𝑐𝑢 𝑧𝑎𝑐𝑢  
∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡 - 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡 

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑖𝑛 - 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑖𝑛 

ABC 

Generator-

Hot 

Process 

Stream 

𝑞𝑖
𝑎𝑏𝑐𝑔 𝑧𝑖

𝑎𝑏𝑐𝑔  

∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑  -  𝑡𝑖,𝑁𝑂𝐾+1 − 𝑡𝑔𝑒𝑛  𝑡𝑖
𝑜𝑟𝑐 − 𝑡𝑔𝑒𝑛 

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑  - 𝑡𝑖
𝑎𝑏𝑐𝑔

− 𝑡𝑔𝑒𝑛
𝑖𝑛  𝑡𝑖

𝑎𝑏𝑐𝑔
− 𝑡𝑔𝑒𝑛

𝑖𝑛  

ABC 

Evaporator-

Hot 

Process 

Stream 

𝑞𝑖
𝑎𝑏𝑐𝑒  𝑧𝑖

𝑎𝑏𝑐𝑒  

∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑  - 𝑡𝑖
𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓  𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓  

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑  -  𝑇𝑖
𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓   𝑇𝑖

𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓  

ABC 

Absorber-

Cold 

Utility 

𝑞𝑎𝑏𝑐𝑎  - 
∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑  - 𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡  𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡 

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑  - ∆𝑇𝑚𝑖𝑛 ∆𝑇𝑚𝑖𝑛  

ABC 

Condenser-

Cold 

Utility 

𝑞𝑎𝑏𝑐𝑐  - 
∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑  - 𝑇𝑔𝑒𝑛

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑜𝑢𝑡  𝑇𝑔𝑒𝑛

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑜𝑢𝑡 

∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑  - ∆𝑇𝑚𝑖𝑛 ∆𝑇𝑚𝑖𝑛  
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4.2.2 Multi-Period Processes without Heat Storage (Semi-Continuous Processes) 

In this section three different models are presented, describing the process integration of ORCs, 

ABCs or both, into HENs in multi-period processes without heat storage. For multi-period 

processes with long periods of operation, such as daily, weekly, monthly or seasonal variations, 

heat storage is usually impractical. For these semi-continuous processes, dedicated design 

methodologies are required.  

In general, the developed superstructures are similar to those developed in the continuous cases 

but the mathematical descriptions contain period-dependent variables that change depending 

on the operating conditions and period-independent variables that remain constant throughout 

the different periods of operations. Additionally, and as mentioned in Table 4-3, the 

mathematical models for multi-period processes require additional equations calculating the 

effective size of the process components (heat exchangers, turbines and pumps) to be used in 

the cost calculations. In this work, the “Maximum Size Approach” is used. This methodology 

presented by Verheyen and Zhang (2006) for the synthesis of multi-period HENs, seeks to 

generate systems where the size of the individual units is greater or equal to the maximum size 

required to be able to handle the heat transfer duties in each of the periods of operation. 

In order to simplify the presentation of the mathematical models and due to the similarities 

between the equations for the multi-period and continuous cases, in this section, only the 

modifications made to the equations of the continuous models are presented, as well as the 

specific equations due to the multi-period operation, namely the equations for the maximum 

size of components (Table 4-3). For a detailed presentation of all the equations, please see 

Appendix C, where all the equations for the superstructures developed in this work are 

presented explicitly. 

4.2.2.1 Organic Rankine Cycles (MP-ORC)  

The MP-ORC superstructure is an extension of the HEN-ORC superstructure, as presented in 

Figure 4-5. Similar to previous diagrams, the schematic representation of MP-ORC does not 

include all possible matches between the process streams (e.g., streams splits, etc.). Also for 

clarity, only two hot and two cold process streams are presented, but the superstructure and its 

associated mathematical model are suitable for any arbitrary number of process streams. 
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Figure 4-5.  Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles into Multi-Period Processes without Heat Storage (MP-

ORC) 

Source:  Own diagram 
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As in HEN-ORC, the heat exchange between process streams takes place in the inner stages of 

the superstructure while the heat exchange between the process streams and the ORC takes 

place only in one stage located at the cold end of the streams, after the last intra-process stage. 

The energy supplied by the hot process streams to the ORC-Evaporators drives the ORC and 

generates electricity through the expansion of the working fluids in the ORC-Turbine. The 

expanded working fluid is then condensed by heat exchange at the ORC-Condensers with the 

cold process streams or the cold utility and then the saturated liquid is pumped back to the 

evaporation pressure to restart the cycle. The operating conditions of the process streams in 

each period of operation differ, but the evaporating and condensing pressures, and therefore the 

evaporating and condensing temperatures in the ORC, remain constant in all periods. This is 

visible in Figure 4-5, as the temperatures in the ORC do not have the subindex 𝑝, which 

represents the periods of operation.  

The mathematical formulation of MP-ORC contains the equations (4-1) to (4-24) for HEN-

ORC but replacing variables and parameters for the equivalent variables and parameters for the 

multi-period case as described in Table 4-6. As for the additional equations due to the multi-

period operation, equations (4-92) to (4-94) calculate the maximum size for the different 

components of the system. Equation (4-92) presents a generic expression for the effective heat 

transfer area for each possible heat exchanger in MP-ORC, as presented in Figure 4-5. The 

effective area for a given heat exchanger, 𝐴∗
†
, is the maximum between the required heat transfer 

areas for each period, if they are considered separately. 𝑞∗,𝑝
† , 𝑈∗,𝑝

†
 and 𝐿𝑀𝑇𝐷∗,𝑝

†
 represent the 

heat transfer duties, overall heat transfer coefficients and logarithmic mean temperature 

differences for each possible heat exchanger in MP-ORC at each period 𝑝 ∈ 𝑃. Equations (4-93) 

and (4-94) use a similar approach to calculate the effective sizes for the turbines and pumps in 

the ORC, with 𝑊𝑡𝑢𝑟𝑏𝑝
 and 𝑊𝑝𝑢𝑚𝑝𝑝 representing the power generated and required by the 

turbine and pump at each period of operation 𝑝 ∈ 𝑃, and 𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥 and 𝑊𝑝𝑢𝑚𝑝

𝑚𝑎𝑥  indicating the 

effective size of these components. 

𝐴∗
† ≥

𝑞∗,𝑝
†

𝑈∗,𝑝
† 𝐿𝑀𝑇𝐷∗,𝑝

†
 (4-92) 

𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 ≥ 𝑊𝑝𝑢𝑚𝑝𝑝 (4-93) 

𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥 ≥ 𝑊𝑡𝑢𝑟𝑏𝑝

 (4-94) 
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Table 4-6. Equivalences between variables and parameters between continuous and multi-period models 

Symbol  Symbol (Continuation) 

Continuous Multi-period  Continuous Multi-period 

 𝑇𝑖
𝑖𝑛  𝑇𝑖,𝑝

𝑖𝑛   𝑚̇𝑤  𝑚̇𝑤,𝑝 

 𝑇𝑖
𝑜𝑢𝑡  𝑇𝑖,𝑝

𝑜𝑢𝑡   𝑑𝑡1𝑖,𝑗,𝑘  𝑑𝑡1𝑖,𝑗,𝑘,𝑝 

 𝑇𝑗
𝑖𝑛  𝑇𝑗,𝑝

𝑖𝑛   𝑑𝑡2𝑖,𝑗,𝑘  𝑑𝑡2𝑖,𝑗,𝑘,𝑝 

 𝑇𝑗
𝑜𝑢𝑡  𝑇𝑗,𝑝

𝑜𝑢𝑡   𝑑𝑡1𝑖
𝑐𝑢  𝑑𝑡1𝑖,𝑝

𝑐𝑢  

 𝐹𝑖  𝐹𝑖,𝑝   𝑑𝑡2𝑖
𝑐𝑢  𝑑𝑡2𝑖,𝑝

𝑐𝑢  

 𝐹𝑗  𝐹𝑗,𝑝   𝑑𝑡1𝑗
ℎ𝑢  𝑑𝑡1𝑗,𝑝

ℎ𝑢 

 𝑈𝑖,𝑗,𝑘  𝑈𝑖,𝑗,𝑘,𝑝   𝑑𝑡2𝑗
ℎ𝑢  𝑑𝑡2𝑗,𝑝

ℎ𝑢 

 𝑈𝑖
𝑐𝑢  𝑈𝑖,𝑝

𝑐𝑢   𝑑𝑡1𝑖
𝑒𝑣𝑎𝑝

  𝑑𝑡1𝑖,𝑝
𝑒𝑣𝑎𝑝

 

 𝑈𝑗
ℎ𝑢  𝑈𝑗,𝑝

ℎ𝑢   𝑑𝑡2𝑖
𝑒𝑣𝑎𝑝

  𝑑𝑡2𝑖,𝑝
𝑒𝑣𝑎𝑝

 

 𝑈𝑖
𝑒𝑣𝑎𝑝

  𝑈𝑖,𝑝
𝑒𝑣𝑎𝑝

   𝑑𝑡3𝑖
𝑒𝑣𝑎𝑝

  𝑑𝑡3𝑖,𝑝
𝑒𝑣𝑎𝑝

 

 𝑈𝑗
𝑐𝑜𝑛𝑑   𝑈𝑗,𝑝

𝑐𝑜𝑛𝑑    𝑑𝑡1𝑗
𝑐𝑜𝑛𝑑   𝑑𝑡1𝑗,𝑝

𝑐𝑜𝑛𝑑  

 𝑈𝑎𝑐𝑢   𝑈𝑝
𝑎𝑐𝑢    𝑑𝑡2𝑗

𝑐𝑜𝑛𝑑   𝑑𝑡2𝑗,𝑝
𝑐𝑜𝑛𝑑  

 𝑈𝑖
𝑎𝑏𝑐𝑔

  𝑈𝑖,𝑝
𝑎𝑏𝑐𝑔

   𝑑𝑡3𝑖
𝑒𝑣𝑎𝑝

  𝑑𝑡3𝑖,𝑝
𝑒𝑣𝑎𝑝

 

 𝑈𝑖
𝑎𝑏𝑐𝑒   𝑈𝑖,𝑝

𝑎𝑏𝑐𝑒    𝑑𝑡1𝑎𝑐𝑢   𝑑𝑡1𝑝
𝑎𝑐𝑢  

 𝑈𝑎𝑏𝑐𝑎   𝑈𝑝
𝑎𝑏𝑐𝑎    𝑑𝑡2𝑎𝑐𝑢   𝑑𝑡2𝑝

𝑎𝑐𝑢  

 𝑈𝑎𝑏𝑐𝑐   𝑈𝑝
𝑎𝑏𝑐𝑐    𝑑𝑡1𝑖

𝑎𝑏𝑐𝑔
  𝑑𝑡1𝑖,𝑝

𝑎𝑏𝑐𝑔
 

 𝑞𝑖,𝑗,𝑘  𝑞𝑖,𝑗,𝑘,𝑝   𝑑𝑡2𝑖
𝑎𝑏𝑐𝑔

  𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑔

 

 𝑞𝑖
𝑐𝑢  𝑞𝑖,𝑝

𝑐𝑢   𝑑𝑡1𝑖
𝑎𝑏𝑐𝑒   𝑑𝑡1𝑖,𝑝

𝑎𝑏𝑐𝑒  

 𝑞𝑗
ℎ𝑢  𝑞𝑗,𝑝

ℎ𝑢   𝑑𝑡2𝑖
𝑎𝑏𝑐𝑒   𝑑𝑡2𝑖,𝑝

𝑎𝑏𝑐𝑒  

 𝑞𝑖
𝑒𝑣𝑎𝑝

  𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

   𝑑𝑡1𝑎𝑏𝑐𝑎  𝑑𝑡1𝑝
𝑎𝑏𝑐𝑎 

 𝑞𝑗
𝑐𝑜𝑛𝑑  𝑞𝑗,𝑝

𝑐𝑜𝑛𝑑   𝑑𝑡2𝑎𝑏𝑐𝑎  𝑑𝑡2𝑝
𝑎𝑏𝑐𝑎 

 𝑞𝑎𝑐𝑢  𝑞𝑝
𝑎𝑐𝑢   𝑑𝑡1𝑎𝑏𝑐𝑐   𝑑𝑡1𝑝

𝑎𝑏𝑐𝑐  

 𝑞𝑖
𝑎𝑏𝑐𝑔

  𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

   𝑑𝑡2𝑎𝑏𝑐𝑐   𝑑𝑡2𝑝
𝑎𝑏𝑐𝑐  

 𝑞𝑖
𝑎𝑏𝑐𝑒  𝑞𝑖,𝑝

𝑎𝑏𝑐𝑒   𝑊𝑝𝑢𝑚𝑝  𝑊𝑝𝑢𝑚𝑝,𝑝 

 𝑞𝑎𝑏𝑐𝑎  𝑞𝑝
𝑎𝑏𝑐𝑎   𝑊𝑡𝑢𝑟𝑏  𝑊𝑡𝑢𝑟𝑏,𝑝 

 𝑞𝑎𝑏𝑐𝑐  𝑞𝑝
𝑎𝑏𝑐𝑐   𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘  𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝 

 𝑡𝑖,𝑘  𝑡𝑖,𝑘,𝑝   𝐿𝑀𝑇𝐷𝑖
𝑐𝑢   𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢  

 𝑡𝑗,𝑘  𝑡𝑗,𝑘,𝑝   𝐿𝑀𝑇𝐷𝑗
ℎ𝑢   𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢  

 𝑡𝑖,𝑁𝑂𝐾+1  𝑡𝑖,𝑁𝑂𝐾+1,𝑝   𝐿𝑀𝑇𝐷𝑖
𝑒𝑣𝑎𝑝

  𝐿𝑀𝑇𝐷𝑖,𝑝
𝑒𝑣𝑎𝑝

 

 𝑡𝑗,𝑘,𝑁𝑂𝐾+1  𝑡𝑗,𝑁𝑂𝐾+1,𝑝   𝐿𝑀𝑇𝐷𝑗
𝑐𝑜𝑛𝑑  𝐿𝑀𝑇𝐷𝑗,𝑝

𝑐𝑜𝑛𝑑 

 𝑡𝑖
𝑜𝑟𝑐  𝑡𝑖,𝑝

𝑜𝑟𝑐   𝐿𝑀𝑇𝐷𝑎𝑐𝑢  𝐿𝑀𝑇𝐷𝑝
𝑎𝑐𝑢 

 𝑡𝑖
𝑎𝑏𝑐𝑔

  𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

   𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑔

  𝐿𝑀𝑇𝐷𝑖,𝑝
𝑎𝑏𝑐𝑔

 

 𝑡𝑖
𝑎𝑏𝑐𝑒  𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒   𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑒   𝐿𝑀𝑇𝐷𝑖,𝑝

𝑎𝑏𝑐𝑒  

 𝑟𝑤𝑖  𝑟𝑤𝑖,𝑝   𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑎  𝐿𝑀𝑇𝐷𝑝
𝑎𝑏𝑐𝑎 

 𝑟𝑤𝑗   𝑟𝑤𝑗,𝑝   𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑐   𝐿𝑀𝑇𝐷𝑝
𝑎𝑏𝑐𝑐  

Source:  Own table 

Finally, the objective function for MP-ORC, the “Total Annualized Cost” (TAC), is calculated 

using equations (4-95) to (4-97). As with HEN-ORC, TAC is equal to the sum of the TACs of 

the subsystems (HEN and ORC). The weighted factor 
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
 is included in the calculations 
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of the annual operating costs and the annual revenues from the sale of electricity, to take under 

consideration the different duration of the periods, as presented by Isafiade and Fraser (2010)11.  

𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝑂𝑅𝐶 (4-95) 

  

𝑇𝐴𝐶𝐻𝐸𝑁 =

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

)(∑ 𝑐ℎ𝑢𝑝𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑝𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃
)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃 )

 
 

}
 
 
 
 
 

 
 
 
 
 

 (4-96) 

  

𝑇𝐴𝐶𝑂𝑅𝐶 =

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

) (−𝑒𝑝𝑟𝑖𝑐𝑒𝑝
𝑊𝑡𝑢𝑟𝑏𝑝

+ 𝑒𝑐𝑜𝑠𝑡𝑝𝑊𝑝𝑢𝑚𝑝𝑝)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (∑ (𝐴𝑖

𝑒𝑣𝑎𝑝
)
𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
𝑐𝑜𝑛𝑑)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃

+ (𝐴𝑎𝑐𝑢)𝛽
𝐻𝐸𝑁

)

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝

+ 𝑐𝑣𝑎𝑟
𝑝𝑢𝑚𝑝

(𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 )

𝛽𝑝𝑢𝑚𝑝

)

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝

+ 𝑐𝑣𝑎𝑟
𝑡𝑢𝑟𝑏(𝑊𝑡𝑢𝑟𝑏

𝑚𝑎𝑥)𝛽
𝑡𝑢𝑟𝑏

) }
 
 
 
 
 

 
 
 
 
 

 (4-97) 

  

4.2.2.2 Absorption Chillers (MP-ABC)  

A schematic representation of the superstructure for the process integration of ABCs into HENs 

in multi-period processes without heat storage (MP-ABC) is presented in Figure 4-6. Similar 

to previous diagrams, the schematic representation of MP-ABC does not include all possible 

matches between the process streams (e.g., streams splits, etc.). Also for clarity, only two hot 

and two cold process streams are presented, but the superstructure and its associated 

mathematical model are suitable for any arbitrary number of process streams. MP-ABC it is an 

extension of the superstructure developed for the continuous case (HEN-ABC). Intra-process 

energy exchange takes place in the inner stages of the superstructure. Hot process streams can 

 

11 The multi-period HEN superstructure as presented by Verheyen and Zhang 2006 (“Maximum Size Approach”) 

used periods of operation of equal duration. The weighted factor by introduced by Isafiade and Fraser 2010 allows 

to consider the different duration of the periods in the optimization model.  
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then reject heat to the ABC-Generators located between the cold utility and the last intra-process 

stage. This energy drives the refrigeration cycle, separating the vapor refrigerant from the 

refrigerant solution in the ABC-Generators. The refrigerant flows to a central ABC-Condenser 

where it condenses by rejecting heat to the cold utility. The refrigerant leaves the ABC-

Condenser as a saturated liquid and it is expanded in a throttle valve to generate the cooling 

effect. The expanded refrigerant at low temperature is then used to cool the hot process streams 

through heat exchange in the ABC-Evaporators, located after the cold utility stage, at the cold 

end of the superstructure. The refrigerant leaves the ABC-Evaporators as a saturated vapor and 

it is reabsorbed by the strong refrigerant solution coming from the ABC-Generators in a central 

ABC-Absorber. The resulting weak refrigerant solution rejects heat again to the cold utility and 

leaves the ABC-Absorber as a saturated liquid to be pumped back to the ABC-Generators to 

restart the cycle. A solution heat exchanger (SHEX) is used to preheat the weak refrigerant 

solution flowing to the ABC-Generators with energy provided by the strong refrigerant solution 

returning to the ABC-Absorbers. 

Similar to MP-ORC, the temperatures inside the refrigeration cycle remain the same during all 

periods of operation but the temperatures of the process streams in each location of the 

superstructure, as well as the duties of heat exchangers (intra-process or between the process 

streams and the refrigeration cycle), change depending on the operating conditions. This is 

visible in Figure 4-6, as the temperatures in the ABC do not have the subindex 𝑝, which 

represents the periods of operation. As for the mathematical formulation, equations (4-28) to 

(4-51) from HEN-ABC are modified with the corresponding variables and parameters for the 

multi-period case, as presented in Table 4-6. As with MP-ORC, additional equations for the 

effective size of the system components, namely heat exchangers for MP-ABC, are required. 

Equation (4-98) presents a generic expression for the effective heat transfer areas of all possible 

heat exchangers in MP-ABC.  

𝐴∗
† ≥

𝑞∗,𝑝
†

𝑈∗,𝑝
† 𝐿𝑀𝐷𝑇∗,𝑝

†
 (4-98) 

 

The objective function for MP-ABC, the “Total Annualized Cost” (TAC) as defined in 

equations (4-99) to (4-101), is equal to the sum of the TACs of its constituent subsystems (HEN 

and ABC). As with MP-ORC, the weighted factor 
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
 is included in the calculation of the 

annual operating costs to take under consideration the different duration of the periods. Also 

similar to HEN-ABC pump capital cost, pumping costs and ABC-Condenser and ABC-

Absorber fixed costs are not considered.
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Figure 4-6.  Schematic representation of the Superstructure for the Process Integration of Absorption Chillers into Multi-Period Processes without Heat Storage (MP-ABC) 

Source:  Own diagram 
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 𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝐴𝐵𝐶  (4-99) 

  

𝑇𝐴𝐶𝐻𝐸𝑁 =

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

)(∑ 𝑐ℎ𝑢𝑝𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑝𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃
)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃 )

 
 

}
 
 
 
 
 

 
 
 
 
 

 (4-100) 

  

𝑇𝐴𝐶𝐴𝐵𝐶 =

{
 
 
 
 

 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

) (𝑐𝑐𝑢(𝑞𝑝
𝑎𝑏𝑐𝑐 + 𝑞𝑝

𝑎𝑏𝑐𝑎)) 

𝑝∈𝑃

 

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (

∑(𝐴𝑖
𝑎𝑏𝑐𝑔

)
𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)

𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+(𝐴𝑎𝑏𝑐𝑐)
𝛽𝐻𝐸𝑁

+ (𝐴𝑎𝑏𝑐𝑎)
𝛽𝐻𝐸𝑁

)

}
 
 
 
 

 
 
 
 

 (4-101) 

  

4.2.2.3 Combined Model (MP-WHR)  

A schematic representation of the superstructure for the process integration of ORCs and ABCs 

into HENs in multi-period processes without heat storage (MP-WHR) is illustrated in Figure 

4-7. Similar to previous diagrams, the schematic representation of MP-WHR does not include 

all possible matches between the process streams (e.g., streams splits, etc.). Also for clarity, 

only two hot and two cold process streams are presented, but the superstructure and its 

associated mathematical model are suitable for any arbitrary number of process streams. 

MP-WHR is an extension of the superstructure for the continuous case (HEN-WHR). As with 

HEN-WHR, MP-WHR is a combination of the models for the process integration of ORCs and 

ABCs into HENs in multi-period processes without heat storage (MP-ORC and MP-ABC). In 

MP-WHR the intra-process energy exchange takes place in the inner stages of the 

superstructure. The energy exchange between the process streams and the working fluid 

circulating through the ORC occurs in a dedicated ORC stage located directly after the last 

intra-process stage. The energy provided to the working fluid in this stage by the hot process 

streams drives the power cycle, as described in MP-ORC. The hot process streams can then 
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supply energy to the refrigeration cycle at the ABC-Generators located between the cold 

utilities and the ORC stage. This energy drives the refrigeration cycle as explained in MP-ORC. 

The refrigeration effect generated in the cycle is then used to cool the hot process streams in 

the ABC-Evaporators located in the cold end of the superstructure after the cold utility. Hot 

utilities at the hot end of the superstructure provide the remaining energy required by the cold 

process streams to achieve their target temperatures. 

Similar to MP-ORC and MP-ABC, the temperatures inside the ORC and refrigeration cycles 

remain the same during all periods of operation but the temperatures of the process streams in 

each location of the superstructure, as well as the duties of heat exchangers (intra-process or 

between the process streams and the refrigeration cycle), change depending on the operating 

conditions. This is visible in Figure 4-7, as the temperatures in the ORC and the ABC do not 

have the subindex 𝑝, which represents the periods of operation. The mathematical formulation 

for MP-WHR is obtained by replacing variables and parameters in equations (4-55) to (4-87) 

in HEN-WHR, with their multi-period counterparts as presented in Table 4-6. The additional 

equations for the effective size of heat exchangers, turbines and pumps are similar to those of 

MP-ORC and MP-ABC and presented in equations (4-102) to (4-104).  

𝐴∗
† ≥

𝑞∗,𝑝
†

𝑈∗,𝑝
† 𝐿𝑀𝐷𝑇∗,𝑝

†
 (4-102) 

𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 ≥ 𝑊𝑝𝑢𝑚𝑝𝑝 (4-103) 

𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥 ≥ 𝑊𝑡𝑢𝑟𝑏𝑝

 (4-104) 

 

The MP-WHR objective function, the Total Annualized Cost (TAC), is defined as the sum of 

the TACs of its constituent subsystems (HEN, ORC and ABC). Equations (4-105) to (4-108) 

present the TAC of MP-WHR as a combination of the TACs of the HEN, ORC and ABC 

respectively. 

𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝑂𝑅𝐶 + 𝑇𝐴𝐶𝐴𝐵𝐶  (4-105) 

  

𝑇𝐴𝐶𝐻𝐸𝑁 =

{
 
 
 

 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

)(∑ 𝑐ℎ𝑢𝑝𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑝𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃
)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)

𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ (𝐴𝑖
𝑐𝑢)𝛽

𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃

)
}
 
 
 

 
 
 

 (4-106) 
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Figure 4-7. Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles and Absorption Chillers into Multi-Period Processes 

without Heat Storage (MP-ABC) 

Source:  Own diagram 
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𝑇𝐴𝐶𝑂𝑅𝐶 =

{
 
 
 
 

 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

) (−𝑒𝑝𝑟𝑖𝑐𝑒𝑝
𝑊𝑡𝑢𝑟𝑏𝑝

+ 𝑒𝑐𝑜𝑠𝑡𝑝𝑊𝑝𝑢𝑚𝑝𝑝)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (∑ (𝐴𝑖

𝑒𝑣𝑎𝑝
)
𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
𝑐𝑜𝑛𝑑)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃

+ (𝐴𝑎𝑐𝑢)𝛽
𝐻𝐸𝑁

)

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝

+ 𝑐𝑣𝑎𝑟
𝑝𝑢𝑚𝑝

(𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 )

𝛽𝑝𝑢𝑚𝑝

) + 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝

+ 𝑐𝑣𝑎𝑟
𝑡𝑢𝑟𝑏(𝑊𝑡𝑢𝑟𝑏

𝑚𝑎𝑥)𝛽
𝑡𝑢𝑟𝑏

)}
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𝑇𝐴𝐶𝐴𝐵𝐶 =

{
 
 
 
 

 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

) (𝑐𝑐𝑢(𝑞𝑝
𝑎𝑏𝑐𝑐 + 𝑞𝑝

𝑎𝑏𝑐𝑎)) 

𝑝∈𝑃

 

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (

∑(𝐴𝑖
𝑎𝑏𝑐𝑔

)
𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)

𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+(𝐴𝑎𝑏𝑐𝑐)
𝛽𝐻𝐸𝑁

+ (𝐴𝑎𝑏𝑐𝑎)
𝛽𝐻𝐸𝑁

)

}
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4.2.3 Multi-Period Processes with Heat Storage (Batch Processes) 

In this section, the superstructures for the process integration of ORCs, ABCs or both, into 

HENs in multi-period processes with heat storage are provided. In this work, only “Fixed 

Temperature Variable Mass” (FTVM) storage tanks are considered. For multi-period process 

with short periods of operation and high energy consumption, the use of heat storage can be 

beneficial. Although numerous technologies for “Thermal Energy Storage” (TES) are available 

in the market, sensible storages such as the FTVM storage tanks remain the most popular 

alternative for industrial processes (see section 2.3.3). The FTVM storage tank models used in 

this work are based on the work by Beck and Hofmann (2018b) for the synthesis of HENs for 

multi-period process with heat storage. Beck’s model is extended to include multi-tank storage 

systems and then combined with the models for the process integration of ORCs, ABCs or both, 

into HENs in multi-period processes without heat storage developed in section 4.2.2 (MP-ORC, 

MP-ABC and MP-WHR) in order to generate the models presented in this section.  

As with the previous superstructures, the mathematical models are formulated as “Mixed 

Integer Non Linear Programming” (MINLP) problems, where the binary variables (𝑧∗) 

represent the existence of a certain component at a certain stage of the superstructure and 

continuous variables are used to describe the operational conditions of the system 
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(temperatures, mass flows, heat flows and equipment sizes). Additional binary variables 

(𝑦𝑝,∗
𝑠ℎ𝑖𝑓𝑡

) are used to indicate if a FTVM hot storage tank is being charged or discharged in a 

giving period and energy level. The FTVM storage tanks are fed by hot and cold storage streams 

that exchange energy exclusively with the process streams and only inside the intra-process 

stages. The tanks are organized in energy levels. In each energy level, two tanks exist, one 

acting like a hot storage and one as a cold storage. A tank acting as a cold storage in one energy 

level, is considered a hot storage in the next one. The temperatures of the tanks decrease with 

each increasing energy level. In each energy level, one hot storage stream flows from the hot 

storage tank to the cold storage tank, exchanging energy with the cold process streams in the 

intra-process stages. Similarly, in each energy level, one cold storage stream flows from the 

cold storage tank to the hot storage tank, exchanging energy with the hot process streams along 

the way, inside the intra-process stages. For each period, at a given energy level only one of the 

storage streams, either the hot storage stream or the cold storage stream, is active. The amount 

of energy stored/accumulated in a given storage tank at the beginning and end of the process 

duration (cycle) is the same. The temperatures at each storage tank remain fixed during the 

whole cycle and are calculated during the optimization process. Similar to the superstructures 

developed in section 4.2.2, and in order to simplify the presentation of the mathematical models 

in this section only the modifications made to the equations corresponding to the multi-period 

models without heat storage are presented as well as the specific equations due to the storage 

operation, as presented in Table 4-4. For an explicit presentation of all the equations, see 

Appendix C. 

4.2.3.1 Storage Equations  

As mentioned before, the storage system exchanges energy exclusively with the process streams 

and not with the working fluid in the ORC or the refrigerant or refrigerant couple in the ABCs  

(see Section 1.3 for a list of all the modeling asssumptions used). Figure 4-8 presents a 

schematic representation of the superstructure for the synthesis of HENs in multi-period process 

with multiple FTVM heat storage tanks. This superstructure describes the interaction between 

the storage system and the process streams and, as mentioned before, is an extension of Beck 

and Hofmann (2018b), which considered two-tank systems, fluidized beds storages and latent 

heat storages. The integration of ORCs and ABCs does not affect the internal behavior of the 

storage system and therefore the equations describing their behavior are the same for all the 

models. As with previous diagrams, Figure 4-8 does not include all possible matches between 

the process streams (e.g., streams splits, etc.). Also for clarity, only two storage levels (three 
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storage tanks) and two hot and two cold process streams are presented, but the superstructure 

and its associated mathematical model are suitable for any arbitrary number of process streams 

and storage levels. Equations (4-109) to (4-127) are the specific equations due to the storage 

system as mentioned in Table 4-4 and describe its internal behavior. The equations are common 

to all the superstructures including FTVM heat storages and therefore will only be presented in 

this section. In the sections on the individual superstructures (MP-ST-ORC, MP-ST-ABC and 

MP-ST-WHR), the equations describing the interaction between the process streams and the 

storage system are presented. In principle, these equations are exclusively energy balances for 

the process streams. Equations (4-109) and (4-110) present overall energy balances for the hot 

and cold storage streams. In equation (4-109) corresponding to the cold storage streams, that is, 

the streams flowing from the cold to the hot storage tanks, 𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ represents the energy rate 

used to charge the hot storage tank in level 𝑙 ∈ 𝐿𝑉 and period 𝑝 ∈ 𝑃 and it is equivalent to the 

energy rate used to discharge the cold storage tank in the same level 𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐. Similarly, in 

equation (4-110) corresponding to the hot storage stream, that is, the streams flowing from the 

hot to the cold storage tanks 𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 represents the energy rate used to charge the cold storage 

tank in level 𝑙 ∈ 𝐿𝑉 and period 𝑝 ∈ 𝑃 and it is equivalent to the energy rate used to discharge 

the hot storage tank in the same level 𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ. 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐 = ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑘∈𝑆𝑇𝑖∈𝐻𝑃

 (4-109) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ = ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑘∈𝑆𝑇𝑗∈𝐶𝑃

 (4-110) 

 

Equations (4-111) and (4-112) calculate the cumulated energy stored in a given hot or cold 

storage tank at the end of period 𝑝 ∈ 𝑃. In these equations 𝑄𝑝,𝑙𝑣
ℎ  and 𝑄𝑝,𝑙𝑣

𝑐  represent the 

cumulated energy stored at the hot and cold storage tanks in level 𝑙𝑣 ∈ 𝐿𝑉 at the end of period 

𝑝 ∈ 𝑃, and the terms 𝑄𝑙𝑣
ℎ
𝑠𝑡𝑎𝑟𝑡

 and 𝑄𝑙𝑣
𝑐
𝑠𝑡𝑎𝑟𝑡

 symbolize the cumulated energy in the tanks at the 

beginning of the process cycle, that is the initial state of the tanks, before any energy exchange 

takes place. 

𝑄𝑝,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝 (4-111) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝 (4-112) 

 



98  Mathematical Framework  

 

Hot 
Utility 
Stage Intra-Process Stages 

Cold 
Utility 
Stage

T1 T2

T3

, , , 1

stoc

i k p lvq +

, , ,

stoc

i k p lvq

, 1, ,

stoh

j k p lvq +

, 1, , 1

stoh

j k p lvq + +

STORAGE TANKS

,

out

j pT ,

in

j pT,

hu

j pq

, ,j k pt , 1,j k pt + , 1,j NOK pt +

,

in

i pT ,

out

i pT,

cu

i pq

, , ,i j k pq

, , 1,i j k pq +

, ,i k pt
, 1,i k pt + , 1,i NOK pt +

 

Figure 4-8. Schematic representation of the Superstructure for the Synthesis of Heat Exchanger Networks in 

Multi-Period Process with Fixed Temperature Variable Mass (FTVM) Heat Storage Tanks 

Source:  Own diagram 

Equations (4-113) to (4-116) calculate the required size for the storage tanks. The difference 

between the maximum and minimum cumulated energy stored in a given tank during the cycle 

is proportional to the minimum storage mass required for the tank at the given level 𝑀𝑙𝑣
𝑠𝑡𝑜ℎ and 

𝑀𝑙𝑣
𝑠𝑡𝑜𝑐, the heat capacity of the storage fluid 𝑐𝑝𝑠𝑡, and the difference between the temperatures 

of hot and cold storages 𝑡𝑙𝑣
𝑠𝑡𝑜ℎ and 𝑡𝑙𝑣

𝑠𝑡𝑜𝑐 in the given level. Additionally, the minimum storage 

volume required for a given tank, 𝑉𝑙𝑣
𝑠𝑡𝑜ℎ and 𝑉𝑙𝑣

𝑠𝑡𝑜𝑐 is directly proportional to the minimum 

storage mass required for the tank and inversely proportional the density of the storage fluid, 

𝜌𝑠𝑡.  

𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
ℎ } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

ℎ } = (𝑡𝑙𝑣
𝑠𝑡𝑜ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑜𝑐) 𝑐𝑝𝑠𝑡  𝑀𝑙𝑣
𝑠𝑡𝑜ℎ (4-113) 

𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
𝑐 } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

𝑐 } = (𝑡𝑙𝑣
𝑠𝑡𝑜ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑜𝑐) 𝑐𝑝𝑠𝑡  𝑀𝑙𝑣
𝑠𝑡𝑜𝑐 (4-114) 
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𝑀𝑙𝑣
𝑠𝑡𝑜ℎ

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡𝑜ℎ (4-115) 

𝑀𝑙𝑣
𝑠𝑡𝑜𝑐

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡𝑜𝑐 (4-116) 

 

Equations (4-117) to (4-127) group logical relations and conditions for different parameters of 

the storage system. Equations (4-117) and (4-118) assign temperatures for hot and cold storage 

streams at the first and last intra-process stages. Equations (4-119) and (4-120) provide 

monotonicity constraints to the temperatures of the hot and cold storage streams. Equations 

(4-121) and (4-122) establish that the cumulated energy at a given storage at the end of the 

process cycle should be equal to the cumulated energy at the beginning of the cycle, in order to 

restart the cycle. Equation (4-123) to (4-125) state that the cold storage tank in a given level 

acts like the hot storage tank of the next level. These equations are valid for all energy levels 

except the last, where the cold storage tank do not serve as a hot storage tank for another energy 

level. Finally, equations (4-126) and (4-127) establish that a given period of operation only one 

stream per level is active, the hot or the cold storage stream. Binary variable 𝑦𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑔𝑒

 acts like 

a switch variable, with value 1 if the hot storage tank in the given level is charged during the 

period and value 0 if the hot storage tank in the given level is not charged and therefore 

discharged during the period. The term Ψ is an upper limit to the energy rate transferred to the 

storage tanks in the given period. In periods where the hot and cold streams are balanced and 

no charge or discharge of storages takes place, the values for the heat transfer to and from the 

storage streams are zero and the value of   𝑦𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑔𝑒

  has no relevance in the calculations. 

𝑡1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡𝑜ℎ (4-117) 

𝑡𝑁𝑂𝐾+1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡𝑁𝑂𝐾+1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡𝑜𝑐 (4-118) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜𝑐  (4-119) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜ℎ  (4-120) 

𝑄𝑁𝑂𝑃,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

 (4-121) 

𝑄𝑁𝑂𝑃,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

 (4-122) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑝,𝑙𝑣+1

ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (4-123) 

𝑀𝑙𝑣
𝑠𝑡𝑐 = 𝑀𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (4-124) 

𝑡𝑙𝑣
𝑠𝑡𝑐 = 𝑡𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (4-125) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ ≤ 𝛹 𝑦𝑝,𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
  (4-126) 
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𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 ≤ 𝛹 (1 − 𝑦𝑝,𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
) (4-127) 

 

Finally, equations (4-128) to (4-135) calculate the heat transfer duties, approach temperatures 

and heat transfer areas of the individual heat exchangers located between the process streams 

and the storage streams.  

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐 −  𝛺𝑧𝑖,𝑘,𝑙𝑣

𝑠𝑡𝑜𝑐 ≤ 0  (4-128) 

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ −  𝛺𝑧𝑗,𝑘,𝑙𝑣

𝑠𝑡𝑜ℎ ≤ 0  (4-129) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ) (4-130) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ) (4-131) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ) (4-132) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ) (4-133) 

𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑈𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐𝐿𝑀𝑇𝐷𝑖,𝑘,𝑝

𝑠𝑡𝑜𝑐 , (4-134) 

𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑈𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ𝐿𝑀𝑇𝐷𝑖𝑗𝑘,𝑝

𝑠𝑡𝑜ℎ (4-135) 

  

4.2.3.2 Organic Rankine Cycles (MP-ST-ORC) 

In principle, MP-ST-ORC is similar to MP-ORC, as illustrated in Figure 4-9. As with previous 

diagrams, Figure 4-9 does not include all possible matches between the process streams (e.g., 

streams splits, etc.). Also for clarity, only two storage levels (three storage tanks) and two hot 

and two cold process streams are presented, but the superstructure and its associated 

mathematical model are suitable for any arbitrary number of process streams and storage levels.  

Process streams exchange energy in the intra-process stages of the superstructure while the 

energy exchange between the working fluid of the ORC and the process streams takes place in 

a dedicated ORC stage located at the cold end of the process streams, after the last intra-process 

stage. The energy supplied by the hot process streams to the ORC-Evaporators drives the ORC 

cycle as described in HEN-ORC and MP-ORC, and the remaining energy after the expansion 

of the working fluid in the ORC-Turbine can be used to heat the cold process streams in the 

ORC-Condensers. The operating conditions in each period of operation differ but the 

evaporating and condensing pressures, and therefore the evaporating and condensing 

temperatures in the ORC, remain constant in all periods.  
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Figure 4-9.  Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles into Multi-Period Processes with FTVM Heat Storage 

Tanks (MP-ST-ORC) 

Source:  Own diagram 
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Additionally, the process streams can exchange heat with the storage system using heat 

exchangers located also in the intra-process stages. Hot process streams can exchange energy 

with the storage system only by supplying energy to cold storage streams, which will then be 

fed to the hot storage tanks in each level at their corresponding storage temperature. As a result 

of this mechanism, the cold storage streams will effectively charge the hot storage tanks with 

excess energy from the hot process streams, while simultaneously discharging the cold storage 

tanks. Likewise, the cold process streams can exchange energy with the storage system by 

receiving energy from the hot storage streams, which after releasing their energy, is fed to the 

cold storage tanks in each level at their corresponding storage temperature, effectively 

discharging the hot storage tanks while charging the cold storages tanks. At a given period and 

energy level, only one storage stream, hot or cold, is active, charging or discharging the hot 

storage tank, in that energy level, while simultaneously discharging or charging the 

corresponding cold storage tank. As mentioned before, the temperatures at each storage tank 

remain fixed during the whole cycle and are calculated during the optimization process. 

The mathematical formulation for MP-ST-ORC is an extension of MP-ORC developed in 

section 4.2.2. Similar to MP-ORC most of the equations in MP-ST-ORC are the multi-period 

version of equations of the continuous HEN-ORC model, with variables and parameters 

adapted to the multi-period operation as presented in Table 4-6, but including terms 

representing the interactions between the process streams and the storage system. Additional 

equations describing the behavior of the storage tanks as well as the storage streams are also 

required as presented in Table 4-4. As mentioned before, only equations from MP-ORC that 

are modified to describe the interaction between the process streams and the storage system are 

presented in this section. For the equations describing the internal dynamics of the storage 

system please see section 4.2.3.1 and for an explicit presentation of all the constituent equations 

of MP-ST-ORC, please see Appendix C. 

Equations (4-136) and (4-137) present the overall energy balances for the hot and cold process 

streams 𝑖 ∈ 𝐻𝑃 and 𝑗 ∈ 𝐶𝑃 at each period of operation 𝑝 ∈ 𝑃 . The expressions are equivalent 

to those used in MP-ORC but with additional terms representing the energy exchanged between 

the process streams and the storage system. In the overall energy balance for the hot process 

streams in equation (4-136), 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐  represents the rate of the energy exchanged in stage 𝑘 ∈

𝑆𝑇 between the hot process stream 𝑖 ∈ 𝐻𝑃 and the cold storage stream in energy level 𝑙𝑣 ∈ 𝐿𝑉 

during period 𝑝 ∈ 𝑃. Similarly in equation (4-137) corresponding to the overall energy balance 

for the cold process streams, 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ  represents the rate of the energy exchanged in stage 𝑘 ∈
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𝑆𝑇 between the cold process stream 𝑗 ∈ 𝐶𝑃 and the hot storage stream in energy level 𝑙𝑣 ∈ 𝐿𝑉 

during period 𝑝 ∈ 𝑃. Equations (4-138) and (4-139) illustrate the energy balances for the intra-

process stages for the hot and cold process streams at each period 𝑝 ∈ 𝑃. At each period 𝑝 ∈ 𝑃 

the hot process streams 𝑖 ∈ 𝐻𝑃 in stage 𝑘 ∈ 𝑆𝑇 can exchange energy at a rate 𝑞𝑖,𝑗,𝑘,𝑝 with each 

of the cold process streams 𝑗 ∈ 𝐶𝑃 or exchange energy at a rate 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐  with the cold storage 

streams at each level 𝑙𝑣 ∈ 𝐿𝑉. The enthalpy change in the hot process stream in that stage is 

equivalent to the product of the heat capacity flowrate of the stream at that period (𝐹𝑖,𝑝) and the 

temperatures of the stream at the inlet (𝑡𝑖,𝑘,𝑝) and outlet (𝑡𝑖,𝑘+1,𝑝) of the stage at that period.  

A similar expression is used for the stage energy balance for the cold process streams, where at 

each period 𝑝 ∈ 𝑃 the cold process streams 𝑗 ∈ 𝐶𝑃 in stage 𝑘 ∈ 𝑆𝑇 can exchange energy at a 

rate 𝑞𝑖,𝑗,𝑘,𝑝 with each of the hot process streams 𝑖 ∈ 𝐻𝑃 or exchange energy at a rate 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ  with 

the hot storage streams at each level 𝑙𝑣 ∈ 𝐿𝑉. The enthalpy change in the cold process stream 

in that stage is equivalent to the product of the heat capacity flowrate of the stream at that period 

(𝐹𝑗,𝑝) and the temperatures of the stream at the inlet (𝑡𝑗,𝑘,𝑝) and outlet (𝑡𝑗,𝑘+1,𝑝) of the stage at 

that period. 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

+ 𝑞𝑖,𝑝
𝑐𝑢 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝

𝑖𝑛 − 𝑇𝑖,𝑝
𝑜𝑢𝑡)  (4-136) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝 + ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 + 𝑞𝑗,𝑝

ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛)

𝑖∈𝐻𝑃

 (4-137) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑗∈𝐶𝑃

+ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉

= 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝) (4-138) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑖∈𝐻𝑃

+ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉

= 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝) (4-139) 

 

For MP-ST-ORC the objective function, TAC as presented in equations (4-140) to (4-143), is 

defined as the sum of all annual operating costs and annualized capital costs of all subsystems, 

that is, the HEN, the ORC and the storage system. The costs for the storage fluid or pumping 

cost of the storage system are not considered (See Section 1.3 for a detail list of all the 

assumptions). 

𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝑂𝑅𝐶 + 𝑇𝐴𝐶𝑆𝑇𝑂 (4-140) 
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𝑇𝐴𝐶𝐻𝐸𝑁 =

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦∑(
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)
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𝑇𝐴𝐶𝑂𝑅𝐶 =

{
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𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

) (−𝑒𝑝𝑟𝑖𝑐𝑒𝑝
𝑊𝑡𝑢𝑟𝑏𝑝

+ 𝑒𝑐𝑜𝑠𝑡𝑝𝑊𝑝𝑢𝑚𝑝𝑝)

𝑝∈𝑃
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𝐻𝐸𝑁 (∑ 𝑧𝑖
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𝑇𝐴𝐶𝑆𝑇𝑂 =
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 (4-143) 

 

4.2.3.3 Absorption Chillers (MP-ST-ABC) 

Figure 4-10 illustrates the superstructure for the process integration of ABCs into HENs in 

multi-period processes with FTVM heat storage (MP-ST-ABC). As with previous diagrams, 

Figure 4-10 does not include all possible matches between the process streams (e.g., streams 

splits, etc.). Also for clarity, only two storage levels (three storage tanks) and two hot and two 

cold process streams are presented, but the superstructure and its associated mathematical 

model are suitable for any arbitrary number of process streams and storage levels. 
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Figure 4-10. Schematic representation of the Superstructure for the Process Integration of Absorption Chillers into Multi-Period Processes with FTVM Heat Storage Tanks 

(MP-ST-ABC) 

Source:  Own diagram 
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Similar as with MP-ST-ORC, only the equations from MP-ABC that have been modified to 

describe the interaction between the process streams and the storage system are provided. In 

MP-ST-ABC, intra-process energy exchange and between the process streams and the storage 

system takes place in the inner stages of the superstructure. Hot process streams can then reject 

heat to the ABC-Generators located between the cold utility and the last intra-process stage. 

This energy drives the refrigeration cycle, as described for HEN-ABC and MP-ABC. The 

cooling effect generated in the refrigeration cycle can then be used to cool the hot process 

streams through heat exchange in the ABC-Evaporators, located after the cold utility stage, at 

the cold end of the superstructure. The temperatures inside the refrigeration cycle remain 

constant during all periods of operation but the temperatures of the process streams in each 

location of the superstructure as well as the duties of heat exchangers (intra-process or between 

the process streams and the refrigeration cycle) change depending on the operating conditions. 

As for the storage system, energy absorbed from the hot process streams in one period can be 

used to heat the cold process streams in another period through the mechanism explained in 

section 4.2.3.1. Appendix C provides the full mathematical description of the model. 

Equations (4-144) to (4-147) provide the new energy balances for the process streams and 

stages due to the integration of the storage system. These equations are analogue to those 

presented for MP-ST-ORC. 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 + 𝑞𝑖,𝑝

𝑐𝑢 + 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑐 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝

𝑖𝑛 − 𝑇𝑖,𝑝
𝑜𝑢𝑡)  (4-144) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝 + ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑗,𝑝
ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛)

𝑖∈𝐻𝑃

 (4-145) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑗∈𝐶𝑃

+ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉

= 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝) (4-146) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑖∈𝐻𝑃

+ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉

= 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝) (4-147) 

The objective function for MP-ST-ABC, TAC as defined in equations (4-148) to (4-151), is 

equal to the sum of the annual operating costs the annualized capital costs of all its constituent 

subsystems including the storage. Also, similarly to HEN-ABC and MP-ABC, pump capital 

cost, pumping costs and ABC-Condenser and ABC-Absorber fixed costs are not considered.  

𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝐴𝐵𝐶 + 𝑇𝐴𝐶𝑠𝑡𝑜 (4-148) 
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𝑇𝐴𝐶𝐻𝐸𝑁 =

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

)(∑ 𝑐ℎ𝑢𝑝𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑝𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃
)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃 )

 
 

}
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𝑇𝐴𝐶𝐴𝐵𝐶 =

{
 
 
 
 

 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

) (𝑐𝑐𝑢(𝑞𝑝
𝑎𝑏𝑐𝑐 + 𝑞𝑝

𝑎𝑏𝑐𝑎)) 

𝑝∈𝑃

 

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (

∑(𝐴𝑖
𝑎𝑏𝑐𝑔

)
𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)

𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+(𝐴𝑎𝑏𝑐𝑐)
𝛽𝐻𝐸𝑁

+ (𝐴𝑎𝑏𝑐𝑎)
𝛽𝐻𝐸𝑁

)

}
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𝑇𝐴𝐶𝑆𝑇𝑂 =

{
 
 
 
 

 
 
 
 𝐴𝐹 𝑐𝑓𝑖𝑥

𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃
)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (∑ ∑ ∑ (𝐴𝑖,𝑘,𝑙𝑣

𝑠𝑡𝑜𝑐 )
𝛽𝐻𝐸𝑁

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ (𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ )

𝛽𝐻𝐸𝑁

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃

)

+𝐴𝐹 ( ∑ 𝑐𝑓𝑖𝑥
𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

+ 𝑐𝑣𝑎𝑟
𝑠𝑡𝑜 ∑ (𝑉𝑙𝑣

𝑠𝑡𝑜ℎ)
𝛽𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

)

+𝐴𝐹(𝑐𝑓𝑖𝑥
𝑠𝑡𝑜 + 𝑐𝑣𝑎𝑟

𝑠𝑡𝑜(𝑉𝑁𝑂𝐿𝑉
𝑠𝑡𝑜𝑐 )𝛽

𝑠𝑡𝑜
) }

 
 
 
 

 
 
 
 

 (4-151) 

 

4.2.3.4 Combined Model (MP-ST-WHR) 

Figure 4-11 presents a schematic representation of the superstructure for the process integration 

of ORCs and ABCs into HENs in multi-period processes with FTVM heat storage (MP-ST-

WHR). As with previous diagrams, Figure 4-11 does not include all possible matches between 

the process streams (e.g., streams splits, etc.). Also for clarity, only two storage levels (three 

storage tanks) and two hot and two cold process streams are presented, but the superstructure 

and its associated mathematical model are suitable for any arbitrary number of process streams 

and storage levels. The superstructure is a combination of MP-ST-ORC and MP-ST-ABC.  
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Figure 4-11.  Schematic representation of the Superstructure for the Process Integration of Organic Rankine Cycles and Absorption Chillers into Multi-Period Processes with 

FTVM Heat Storage Tanks (MP-ST-WHR) 

Source:  Own diagram 
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In MP-ST-WHR the intra-process energy exchange takes place in the inner stages of the 

superstructure, where also the process streams can exchange energy with the storage system. 

The energy exchange between the process streams and the working fluid circulating through 

the ORC occurs in a dedicated ORC stage located directly after the last intra-process stage. The 

energy provided to the working fluid in this stage by the hot process streams drives the power 

cycle as described in HEN-ORC, MP-ORC and MP-ST-ORC. The hot process streams can then 

supply energy to the refrigeration cycle at the ABC-Generators located between the cold 

utilities and the ORC stage. This energy drives the refrigeration cycle as explained in HEN-

ABC, MP-ABC and MP-ST-ABC. The refrigeration effect generated in the cycle is then used 

to cool the hot process streams in the ABC-Evaporators located in the cold end of the 

superstructure after the cold utility. Hot utilities at the hot end of the superstructure provide the 

remaining energy required by the cold process streams to achieve their target temperatures. 

Similar to MP-ST-ORC and MP-ST-ABC, energy absorbed in the storage system from the hot 

process streams in one period can be used to heat the cold process streams in another period 

through the mechanism explained in section 4.2.3.1. Equations (4-152) to (4-155) provide the 

new overall energy balances for the process streams and the energy balances for each on the 

intra-process stages in the superstructure. An explicit presentation of all the equations in MP-

ST-WHR is available in Appendix C.  

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

+ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 + 𝑞𝑖,𝑝

𝑐𝑢 + 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑐 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝

𝑖𝑛 − 𝑇𝑖,𝑝
𝑜𝑢𝑡)  (4-152) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝 + ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 + 𝑞𝑗,𝑝

ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛)

𝑖∈𝐻𝑃

 (4-153) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑗∈𝐶𝑃

+ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉

= 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝) (4-154) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑖∈𝐻𝑃

+ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉

= 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝) (4-155) 

 

As for MP-ST-WHR objective function, the Total Annualized Cost (TAC) is defined as the 

sum of the TACs of all subsystems including the storage. Equations (4-156) to (4-160) present 

the TAC of MP-ST-WHR. 

𝑚𝑖𝑛𝑇𝐴𝐶 = 𝑇𝐴𝐶𝐻𝐸𝑁 + 𝑇𝐴𝐶𝑂𝑅𝐶 + 𝑇𝐴𝐶𝐴𝐵𝐶 + 𝑇𝐴𝐶𝑠𝑡𝑜 (4-156) 
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ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑝𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃
)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽𝐻𝐸𝑁

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃 )

 
 

}
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𝑇𝐴𝐶𝑂𝑅𝐶 =

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦∑(

𝐷𝑂𝑃𝑝
∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃

) (−𝑒𝑝𝑟𝑖𝑐𝑒𝑝
𝑊𝑡𝑢𝑟𝑏𝑝

+ 𝑒𝑐𝑜𝑠𝑡𝑝𝑊𝑝𝑢𝑚𝑝𝑝)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢)

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁 (∑ (𝐴𝑖

𝑒𝑣𝑎𝑝
)
𝛽𝐻𝐸𝑁

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
𝑐𝑜𝑛𝑑)

𝛽𝐻𝐸𝑁

𝑗∈𝐶𝑃

+ (𝐴𝑎𝑐𝑢)𝛽
𝐻𝐸𝑁

)

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝

+ 𝑐𝑣𝑎𝑟
𝑝𝑢𝑚𝑝

(𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 )

𝛽𝑝𝑢𝑚𝑝

)

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝

+ 𝑐𝑣𝑎𝑟
𝑡𝑢𝑟𝑏(𝑊𝑡𝑢𝑟𝑏

𝑚𝑎𝑥)𝛽
𝑡𝑢𝑟𝑏

) }
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𝑎𝑏𝑐𝑐 + 𝑞𝑝
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𝑝∈𝑃

 

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ 𝑧𝑖

𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃
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+𝐴𝐹 𝑐𝑣𝑎𝑟
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∑(𝐴𝑖
𝑎𝑏𝑐𝑔
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𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)
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𝛽𝐻𝐸𝑁

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ (𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ )

𝛽𝐻𝐸𝑁

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃

)

+𝐴𝐹 ( ∑ 𝑐𝑓𝑖𝑥
𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

+ 𝑐𝑣𝑎𝑟
𝑠𝑡𝑜 ∑ (𝑉𝑙𝑣

𝑠𝑡𝑜ℎ)
𝛽𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

)

+𝐴𝐹(𝑐𝑓𝑖𝑥
𝑠𝑡𝑜 + 𝑐𝑣𝑎𝑟

𝑠𝑡𝑜(𝑉𝑁𝑂𝐿𝑉
𝑠𝑡𝑜𝑐 )𝛽

𝑠𝑡𝑜
) }

 
 
 
 

 
 
 
 

 (4-160) 
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4.3 Mathematical Considerations and Models Limitations 

As mentioned in section 2.4.2 the MINLP SYNHEAT model for the synthesis of HENs is an 

NP-Hard problem in the strong sense (Furman and Sahinidis 2001), that is, no known algorithm 

exists that can provide an exact solution (deterministic) to the problem in a computationally 

efficient way. All the models developed in this chapter are an extension of the SYNHEAT 

model and therefore they are also NP-Hard problems. That being said, a number of strategies 

have been developed to facilitate the generation of good local solutions for SYNHEAT and 

they can be adapted to solve the models developed in this chapter. The possible strategies 

include the linearization of non-linear terms in the formulation (Beck and Hofmann 2018a), the 

sequential solution of an MILP version (removing non-linear terms in the objective function) 

and then a NLP version of the problem with binary variables fixed to the results of the previous 

MILP problem in order to generate an initial feasible solution (Escobar and Trierweiler 2013) 

and heuristic rules for the initialization of the MINLP problem (Yee and Grossmann 1990). 

These procedures seek to transform the MINLP into an MILP that can be then solved to global 

optimality without requiring initial values (simplification) or to generate good starting points 

for the MINLP in order to facilitate the generation of good local solutions (initialization).  

Even after using simplification and initialization strategies, MP methods for the synthesis of 

HENs (simultaneous or sequential) are rarely applied to problems with more than 30 streams 

for continuous processes, which is a relatively low number for industrial applications. For 

discontinuous processes the maximum number of streams that the MP formulations can handle 

is notably lower. Approximations with relatively large optimality gaps12 (10% or more) help to 

decrease the computational effort (and time) required to obtain local solutions but in general 

the application of MP methods to large scale real-life industrial problems is impractical (Chen 

et al. 2015b).  

Another mathematical limitation of the SYNHEAT model, and therefore the extensions 

presented in this chapter, is the approximation of the LMTD for the calculation of heat transfer 

areas of heat exchangers. The LMTD as defined in equation (4-161), is a discontinuous function 

which creates numerical problems for most of the available commercial solvers when the 

approach temperatures at both ends of a given heat exchanger are equal (division by zero). In 

 

12 Optimality gap is defined as the difference between the best known upper and lower bounds of an optimization 

problem. In percentage form (relative gap) represents the ratio between the difference of the upper and lower 

bounds and the upper bound (in case of minimization). 
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order to solve this, approximations to the LMTD such as the Paterson (Paterson 1984) and Chen 

(Chen 1987) approximations are used.  

Equations (4-162) and (4-163) present the Paterson and Chen approximations, respectively. In 

most of the reviewed literature as well as in this work, the Chen approximation is used to 

calculate the LMTD. Figure 4-12 presents a comparison between different approximations to 

the LMTD, including the approximation using the aritmetich mean of the approach 

temperatures. From the diagram is clear that the simple arithmetic mean between ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 

and ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 is a bad approximation of the LMTD. Paterson’s provide more accurate results 

and a small overestimation of the LMTD (underestimating the heat transfer area) and Chen’s a 

simpler formulation and a small underestimation of the LMTD (overestimating the heat transfer 

area). For conservative estimations of TAC, Chen’s is prefered as it underestimates the LMTD, 

overestimating the calculated heat transfer area (and therefore TAC). 

 

 

Other mathematical or structural limitations inherited from the SYNHEAT model and 

applicable to the nine superstructures developed in this work include the isothermal mixing 

assumption and the disregard of configurations with stream splits going through multiple heat 

exchangers (Yee and Grossmann 1990). 

 

𝐿𝑀𝑇𝐷 (∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑, ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 )

=  {

∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 , −∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑

𝑙𝑛 (
∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑
∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑

)
 , 𝑖𝑓 ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 ≠ ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑

∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 = ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 , 𝑖𝑓 ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 = ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑

 
(4-161) 

  

𝐿𝑀𝑇𝐷 (∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑, ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 )

=
1

6
(∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 + ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑) +

2

3
 (∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑)

1
2 

(4-162) 

  

𝐿𝑀𝑇𝐷 (∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑, ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑 )

= ( ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑  (
∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 + ∆𝑇𝐶𝑜𝑙𝑑−𝐸𝑛𝑑

2
))

1
3

 
(4-163) 
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Figure 4-12. Approximations to the logarithmic mean temperature difference. ∆𝑇𝐻𝑜𝑡−𝐸𝑛𝑑 = 10°𝐶(Fixed). 

Source:  Own diagram based on Verheyen and Zhang (2006) 

Finally, some model limitations are not a product of the computational effort required or 

numerical complications but are the product of the design of the superstructures. The main 

structural limitation of the nine superstructures presented in this work is that they only allow 

heat exchange between the process streams and the WHR technologies on dedicated stages 

located at the cold end of the superstructure, before and/or after the cold utility stage. This 

limitation simplifies the mathematical formulation and decreases the computational effort 

required to solve the MINLP models in comparison with superstructures allowing heat transfer 

between process streams and WHR technologies in any stage, at the cost of neglecting possible 

configurations that could be beneficial to the system performance. Without the use of 

linearization or simplification techniques, superstructures allowing the integration of WHR 

technologies in any stage, in particular for multi-period processes, are impractical, due to the 

sheer number of variables involved, as well as the complexity of the mathematical formulations.  

Other structural limitations are the interactions between the WHR technologies and between 

the WHR technologies and the storage system. For the continuous models as well as the models 

for multi-period processes without heat storage, alternative superstructures could be proposed 

that consider the interaction between the ORC and the ABC. Examples include the use of the 

heat rejected from the ORC-Condenser to drive the ABC-Generators or the use of the 
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refrigeration effect of the ABC to decrease the condensation temperature at the ORC, etc. 

Additionally, more complex configurations for the ORC (with regeneration, recuperation, 

multiple pressure levels, etc.) and ABC (double effect, triple effect, etc.) could be included in 

future studies. The direct interaction between the storage system and the WHR technologies is 

also not considered in this work, but could be an area of future research. Some works 

considering the integration of ORCs into industrial processes (without considering the HEN 

synthesis) have already proposed the use of storage tanks between the process streams and the 

ORCs in order to limit/damp the fluctuation of its operational parameters (Pili et al. 2017; 

Pantaleo et al. 2017; Lecompte 2017; Jiménez-Arreola et al. 2018).  
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5 Applications of the Framework 

In this chapter, the superstructures developed for the process integration of ORCs, ABCs or 

both into HENs in continuous and multi-period processes, with and without FTVM heat storage, 

are applied to three case studies from the literature. The objective of this chapter is to illustrate 

the use of the methodology and to discuss possible issues and limitations of the methodology 

when applied to real industrial cases.  

Due to the nature of the MINLP problems in this work, global optimality cannot be guaranteed 

unless all the possible solutions to the problem are evaluated. This process is resource intensive 

requiring a large CPU time and memory and therefore unfit to be used on complex problems 

with a high number of decision variables. Therefore, the results provided in this chapter have 

to be considered as local optima. For all models and case studies, a maximum CPU time of 

3600 s and a minimum optimality gap of 10% was set. The only exception is the prescreening 

algorithm (see section 5.1.1) used to find the appropriated working fluid and ORC operating 

temperatures for the case studies, where a optimality gap of 5% was implemented. The 

optimization is terminated if either of the conditions is fulfilled. If the model does not reach a 

solution within the accepted tolerance in the maximum time, the best available solution is 

provided, together with its relative gap to the best known lower bound (best possible solution).  

In this work, for all the developed models and case studies, pinch limits to the utility 

consumptions are used as constraints. That means that the systems generate electricity or 

cooling without increasing the utility consumption of the system, in practice generating useful 

work or cooling from waste heat. The results of the optimization problems are presented using 

summary tables, while only grid diagrams corresponding to the combined models (HEN-WHR, 

MP-WHR and MP-ST-WHR) are presented in the main body of the dissertation. For additional 

diagrams please see Appendix D. A complete list of all modeling assumptions is founded in 

Section 1.3. All models were implemented in GAMS (version 25.1.1) using the global solver 

BARON to solve the MINLP. The optimizations were performed on a Windows machine with 

an Intel(R) Core(TM) i7-6600U 2.60 GHz CPU and 12 GB RAM.  
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5.1 Case Study 1 (Continuous Process) 

Table 5-1 presents the information of the process streams for Case Study 1. The problem is an 

adaptation from a case study published by Hellwig (1998) and it has 8 hot streams and 5 cold 

streams. The problem is based on selected streams from two different process lines in a refinery 

(Ripke et al. 1994). Table 5-2 provides design parameters of the system, namely information 

on the economics of the equipment units and processes for Case Studies 1 and 2. 

Table 5-1. Stream data Case Study 1. 8H5C.  

Stream Tin (°C) Tout (°C) F (kW/°C) H (kW) 

H1 138.0 134.7 767.6 -2 533.1 

H2 135.0 134.3 2 397.1 -1 678.0 

H3 134.7 32.0 14.3 -1 468.6 

H4 134.3 32.0 9.5 -971.9 

H5 107.0 106.9 5 160.0 -516.0 

H6 92.0 91.9 16 550.0 -1 655.0 

H7 91.9 28.0 13.1 -837.1 

H8 106.9 30.0 4.1 -315.3 

C1 15.0 142.0 11.6 1 473.2 

C2 184.0 186.0 1 999.5 3 999.0 

C3 15.0 100.0 10.4 884.0 

C4 115.0 117.0 1 363.5 2 727.0 

C5 143.0 145.0 1 651.0 3 302.0 

HU 255.0 255.0 - - 

CU 1). 2) 10.0/30.0 10.0/30.0 - - 
1) The cold utility temperature is set to 10.0°C for the stand-alone HEN and HEN-ORC. For models involving 

absorption chillers (HEN-ABC and HEN-WHR) this temperature is set to 30.0°C. 
2) Film coefficients for all streams are ℎ = 1.0 kW/m²°C 

Source: Own table with data from Hellwig (1998) 

Table 5-2. Design parameters for Case Study 1 and 2 

Parameter General Heat Exchanger Turbine Pump 

AF (a-1) 0.23 - - - 

Hy (h/a) 8 000 - - - 

Chu(€/kWh) 0.01  - - - 

Ccu(€/kWh) 0.001 - - - 

ecost/eprice(€/kWh) 0.2 - - - 

Eff. SHEX (SHEX) 0.7    

Cfix (€) - 2 500.0 4 000.0 1 200.0 

Cvar (€/m2; €/kW )1) - 1 650.0 2000.0 750.0 

 - 0.65 0.65 0.65 

Isentropic Eff. () - - 0.8 0.65 
1) Generic units are used for the variable cost coefficients, to generate cost calculations in Euros (€). For heat 

exchangers €/m2 and for turbines and pumps €/kW are used. 

Source:  Own table 

Using Δ𝑇𝑚𝑖𝑛 = 15.0 °𝐶 for the minimum approach temperatures between process streams, the 

pinch analysis of the system provides minimum utility targets of 7 521.4 kW (hot utility) and  
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5 109.2 kW (cold utility) with a pinch temperature of 130.5 °C, as seen in Figure 5-1. Excess 

heat is available for heat recovery on the heat surplus region below the pinch at a high 

temperature as indicated by the high pinch temperature of 130.5 °C, and therefore the 

integration of an ORC can be an option. Also depending on the available temperature of the 

cold utility, the integration of an ABC to supply cooling from the waste heat can be explored. 

Additionally, from the shape of the Grand Composite Curve (GCC) around the pinch area, the 

use of a heat pump may be beneficial. This option was already explored by Ripke et al. (1994) 

in their work as well as possible process modifications to decrease the utility consumption of 

the process. In this work these options are not studied and the focus is set on the integration of 

ORCs and ABCs. In the following sections, the process integration of ORCs, ABCs and both, 

into HENs in continuous processes is analyzed with help of the mathematical models developed 

in section 4.2.1 (HEN-ORC, HEN-ABC and HEN-WHR). 

 

Figure 5-1. Pinch analysis for Case Study 1 (𝛥𝑇𝑚𝑖𝑛 = 15.0 °𝐶). 

Source:  Own diagram 

First, the stand-alone HEN minimizing the TAC of the system is generated using SYNHEAT. 

For comparison purposes two HEN designs are presented. “HEN Design 1” (HEN1) has 

available a cold utility with a temperature of 𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 = 10°C. On the other hand, “HEN 

Design 2” (HEN2) has available a cold utility with a temperature of 𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 = 30°C. In both 

cases the cold utility cost are set to Ccu = 0.001 €/kWh as presented in Table 5-2. The additional 
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cooling below 45°C (𝑇𝑐𝑢
𝑖𝑛+ Δ𝑇𝑚𝑖𝑛) required to reach its hot process streams targets (𝑇𝑖

𝑜𝑢𝑡), will 

be provided by a vapor compression refrigeration system (VCR). The following assumptions 

are used in the calculations involving VCR systems13: 

- The capital cost of the VCR system is neglected in the calculations of the TAC of HEN2 

(TAC2), as it is considered low in comparison with its operative costs. These neglected 

capital costs include the costs associated with the areas of the additional heat exchangers 

required by the VCR system to supply cooling to the hot process streams (i.e. between 

the VCR Evaporators and the process streams and between the VCR Condenser and the 

cold utility). The calculated TAC2 is considered a lower limit to the real TAC of a 

system involving HEN plus VCR system. 

- As a simplification, the areas of the additional heat exchangers required by the VCR 

system are also not included in the total heat transfer areas calculated for HEN2 as 

presented in Table 5-3. Even then, the areas of HEN1 and HEN2 are not equal, as the 

cold utility temperature available in HEN2 is higher than in HEN1 and therefore larger 

heat exchanger areas are required in the cold utility heat exchangers. Additionally, the 

number of heat exchangers between the 2 designs also can vary.  

- The VCR system generates cooling at 10°C (temperature of the available cold utility in 

HEN1) using the available cold utility at HEN2 at 30°C as heat source. 

- The operative cost of the VCR system is equal to the cost of the electricity required to 

drive the VCR system with an assumed COP of 7.08. This assumed COP is equal to 

50% of the ideal COP (COPideal = 14.16) of a VCR operating between 30°C (temperature 

of the available cold utility in HEN2) and 10°C (temperature of the available cold utility 

in HEN1).  

For SYNHEAT, the number of stages was arbitrarily set to 3. The effect of a different number 

of stages is explored in Section 5.4. In total, the model consists of 530 equations with 705 

variables (133 integer variables). The results of the optimization problem are summarized in 

Table 5-3. In the case of HEN1 all the cooling requirements are satisfied by the cold utility at 

10°C. In the case of HEN2, 4 820.6 kW of cooling are provided by the cold utility at 30°C and 

288.6 kW are provided by the VCR system at 10°C, but the sum of both consumptions is equal 

to the cold utility target as defined by PA and therefore equal to the cold utility consumption of 

 

13 VCR assumptions are not presented in Section 1.3 as they are not part of the models developed in this 

dissertation, but are used in the calculation of the reference HENs (HEN1 and HEN2) which are only presented 

for comparison purposes.  
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HEN1 (5 109.2 kW). The TAC calculated for HEN2 (TAC2) underestimates the real cost of 

HEN2 as does not include capital cost for the VCR. Even then, the calculated TAC2 can be 

considered a lower limit to the real TAC of a system involving HEN plus VCR system. Another 

observation from Table 5-3, is that the OPEX for the HEN is significantly higher than the 

CAPEX (almost 10 times higher) and therefore investments decreasing the operational costs of 

the system should be prioritized. 

Table 5-3.  Results of stand-alone Heat Exchanger Network for Case Study 1 

 HEN1 HEN2 

𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 (°C) 10°C 30°C 

Hot Utility Consumption (kW) 7 521.4 7 521.4 

Cold Utility Consumption (kW) 5 109.2 4 820.6 

VCR Cooling Duty (kW) - 288.6 

Operative Expenditure /OPEX (€/a) 642 585.6 705 503.1 

Hot Utility Expenditure (€/a) 601 712.0 601 712.0 

Cold Utility Expenditure (€/a) 40 873.6 38 564.6 

VCR Operative Expenditure (€/a) - 65 226.5 

Capital Expenditure /CAPEX (€/a) 73 677.8 85 798.3 

Total Annualized Cost (TAC) 716 263.4 791 301.4 

Area (m²) 757.5 909.4 

Number of Units 14 16 

Termination Criteria Tolerance Tolerance 

CPU Time (s) 2.2 7.7 

Source:  Own table 

5.1.1 Process Integration of Organic Rankine Cycle  

HEN-ORC is used to study the process integration of ORCs into HENs in continuous processes. 

As presented in section 2.3.5.1., the selection of the appropriated working fluid and the optimal 

operating temperatures for the ORC are key elements of the process integration of ORC into 

HENs. In this work, a prescreening algorithm for selecting the working fluid of the ORC and 

the evaporation and condensation temperatures of the ORC was implemented. This iterative 

algorithm is based on the work of Chen et al. (2016) and it is presented in Figure 5-2. In this 

case the HEN-ORC model was solved iteratively for different working fluids and operating 

temperatures with the net power as the objective function and with constraints limiting the 

utility consumption of HEN-ORC to the pinch targets for the standalone HEN. This process 

finds the working fluid and operating temperatures with the best performance when the ORC is 

powered exclusively by waste heat. Finally, HEN-ORC was optimized with TAC as the 

objective function and the working fluid and operating temperatures for the ORC found in the 

prescreening step. 
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Figure 5-2.  Prescreening algorithm for the selection of the ORC working fluid and operating temperatures 

Source:  Own diagram based on Chen et al. (2016) 

The prescreening algorithm was implemented using MATLAB R2018a for the iteration loop, 

and GAMS (version 25.1.1) and the global solver BARON with an optimality gap of 5% were 
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used to solve the MINLP. A Δ𝑇𝑚𝑖𝑛 = 15.0 °𝐶 was used for all matches, including those 

between the working fluid and the process streams or utilities. In total, the HEN-ORC consists 

of 616 equations with 678 variables (147 integer variables), with two additional equations 

establishing the upper limits to the utility consumption (pinch targets). 

For Case Study 1, results for the prescreening process are summarized in Table 5-4. Six typical 

working fluids used in ORC applications according to Thurairaja et al. (2019) were tested. The 

evaporation and condensation temperatures for all working fluids were tested in the intervals 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 ∈ [80.0 ; 120.0]°𝐶 and 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ∈ [25.0 ; 60.0]°𝐶. This selection is based on the GCC in 

Figure 5-1 and heuristic considerations. The evaporation temperature should be below the pinch 

temperature (130.5 °C) to avoid cross-pinch heat transfer but it should be hot enough to drive 

the ORC. On the other hand, the condensation temperature should be as low as possible but 

high enough to be able to be cooled by the cold utility. Additionally, higher condensation 

temperatures allow the cold process streams to be heated by the working fluid at the exit of the 

turbine, decreasing the hot utility consumption of the system.  

Table 5-4. Results of working fluids prescreening for Case Study 1 

Working Fluid n-butane n-pentane n-hexane R113 R123 R600a 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°C) 87.41 86.18 85.75 85.76 86.54 88.01 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎) 1 189.28 480.04 168.34 304.47 575.21 1 582.51 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°C) 25.00 25.00 25.00 25.00 25.00 25.00 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 244.46 76.51 20.27 44.18 91.31 351.48 

Net Power (kW) 282.49 276.62 281.73 284.88 284.76 282.51 

Source:  Own table 

According to the results of the prescreening in Table 5-4, the working fluid with the highest net 

power generated is R113 with 284.88 kW. The operating conditions for the ORC are, in this 

case, an evaporation temperature of 85.76°C (304.47 kPa) and a condensation temperature of 

25.0°C (44.18 kPa). The optimal temperatures for the evaporation and condensation for all 

fluids are similar. As for the condensation temperature (25°C), it corresponds to the lowest 

condensation temperature considered, which is to be expected, as the ORC efficiency increases 

with low condensation temperatures. As for the evaporation temperature (87.76°C), it 

corresponds roughly to the temperature of stream H6 as presented in Table 5-1. This is to be 

expected as stream H6 has by far the highest energy surplus of the streams located under the 

pinch, as presented in Table 5-1 and illustrated in the GCC of Figure 5-1. Using R113 as 

working fluid with the operating temperatures found in the prescreening, HEN-ORC was solved 

with TAC as the objective function. In total, HEN-ORC consists of 895 equations with 918 

variables (147 integer variables) plus two additional equations to set the upper limits to the 
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utility consumption. Results for HEN-ORC for Case Study 1 are summarized in Table 5-5 and 

the grid diagram for the generated configuration is presented in Appendix D.  

Table 5-5. Results of HEN-ORC for Case Study 1 

Operating Conditions ORC 

Working Fluid R113 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎)  304.47 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 44.18 

𝑇𝑒𝑣𝑎𝑝
𝑖𝑛  (°𝐶) 25.15 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°𝐶) 85.76 

𝑇𝑐𝑜𝑛𝑑
𝑖𝑛  (°𝐶) 51.18 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°𝐶) 25.00 

Results 

Hot Utility Consumption (kW) 7 521.4 

Cold Utility Consumption (kW) 4 824.3 

𝑊𝑛𝑒𝑡  (𝑘𝑊) 284.9 

𝑊𝑡𝑢𝑟𝑏 (𝑘𝑊) 287.8 

𝑊𝑝𝑢𝑚𝑝 (𝑘𝑊) 2.9 

OPEX (€/a) 640 307.1 

CAPEX (€/a) 116 455.2 

Electricity Sales (€/a) -455 813.5 

TAC (€/a) 300 948.8 

Area (m²) 1 000.9 

Number of Units 20 

𝜂𝑜𝑟𝑐 11.6% 

Termination Criteria Tolerance 

Optimality Gap (%) /CPU Time (s) 393.9 

Source:  Own table 

Compared with HEN1, as presented in Table 5-3 (HEN with cold utility available at 10°C, 

without need of VCR) , the results for HEN-ORC show a reduction of 58.0% in the TAC of the 

system (300 948.8 €/a instead of 716 263.4 €/a), without increasing its utility consumption. This 

means that the electricity is generated from waste heat that would otherwise be rejected. The 

integration of the ORC has a significant impact on the economics of the design and it is highly 

beneficial to the performance of the system. The number of units and required heat transfer area 

in HEN-ORC (20 units and 1 000.9 m²) are significantly higher than for the stand-alone HEN1 

(14 units and 757.5 m²), but the increased capital costs due to the additional heat exchangers, 

turbines and pumps, are compensated by the revenues from the electricity sales. An additional 

benefit is the decrease in the cold utility consumption as the new system rejects 4 824.3 kW 

instead of 5 109.2 kW to the cold utility.  
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5.1.2  Process Integration of Absorption Chillers 

The process integration of ABCs into HENs in continuous process is studied using HEN-ABC. 

LiBr/H2O is used exclusively as the refrigerant couple for the developed models and its 

properties are calculated using appropriated empirical correlations. The cold utility temperature 

available in this case is 30.0°C, as indicated in Table 5-1. The refrigeration temperature to be 

generated by the ABC (𝑇𝑟𝑒𝑓) is set to 10.0°C, and the minimum temperature difference for all 

matches in the system is set to ∆𝑇𝑚𝑖𝑛 = 15.0°𝐶. HEN-ABC is designed to be implemented in 

situations where a cooling temperature below the available cold utility temperature is required.  

In total, HEN-ABC consists of 621 equations with 796 variables (149 integer variables) plus 

two additional equations to set the upper limits to the utility consumption to the pinch targets. 

Results for HEN-ABC for Case Study 1 are summarized in Table 5-6 and the grid diagram is 

presented in Appendix D. 

Table 5-6.  Results of HEN-ABC for Case Study 1 

Operating Conditions ABC 

𝑇𝑟𝑒𝑓  (°𝐶) 10.0 

Results 

Hot Utility Consumption (kW) 7 521.4 

Cold Utility Consumption (kW) 5 109.2 

Cooling Generated (kW) 401.9 

OPEX (€/a) 642 585.6 

CAPEX (€/a) 93 195.5 

TAC (€/a) 735 781.1 

Area (m²) 903.3 

Number of Units 19 

Termination Criteria Tolerance 

Optimality Gap (%) /CPU Time (s) 15 

Source:  Own table 

Compared with HEN2 as presented in Table 5-3 (HEN with cold utility available at 30°C and 

therefore requiring a VCR system for additional refrigeration), the TAC of HEN-ABC is 7.0 % 

lower (735 781.1 €/a instead of 791 301.4 €/a) due to the replacement of electricity with waste 

heat as driving force for the refrigeration cycle. The calculated savings would be higher if the 

capital costs of the VCR were also considered. The main difference between HEN-ABC and 

the stand-alone HEN2 is that HEN-ABC is capable of generating 401.9 kW of cooling at 10°C 

from the waste heat, to be reused in the system when cooling below the cold utility temperature 

of 30.0°C is required.  
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5.1.3 Process Integration of Waste Heat Recovery Technologies (Combined Model) 

The process integration of ORCs and ABCs into HENs in continuous process is studied using 

HEN-WHR. The conditions are similar to those of HEN-ORC and HEN-ABC. ∆𝑇𝑚𝑖𝑛 = 15.0°𝐶 

is used for all matches in the system. For HEN-WHR the cold utility temperature is set as 

30.0°C, like in HEN-ABC. Similar to HEN-ORC, the working fluid for the ORC is R113 with 

evaporation temperature of 85.76°C (304.47 kPa) and condensation temperature of 45°C (91.64 

kPa). The condensation temperature is 45°C instead of 25°C, as in HEN-ORC, because it is the 

lowest condensation temperature that can be achieved with the available cold utility for the 

given ∆𝑇𝑚𝑖𝑛.  

In total, the model consists of 986 equations with 1 129 variables (163 integer variables) plus 

two additional equations establishing the upper limits to the utility consumption. Results for 

HEN-WHR for Case Study 1 are summarized in Table 5-7. Figure 5-3 illustrates the grid 

diagram for the optimal design and Table 5-8 presents information about the individual heat 

exchangers that where calculated using HEN-WHR. 

Table 5-7.  Results of HEN-WHR for Case Study 1 

Operating Conditions WHR 

𝑇𝑟𝑒𝑓  (°𝐶) 10,0 

Working Fluid R113 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎)  304.47 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 91.64 

𝑇𝑒𝑣𝑎𝑝
𝑖𝑛  (°𝐶) 45.16 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°𝐶) 85.76 

𝑇𝑐𝑜𝑛𝑑
𝑖𝑛  (°𝐶) 63.19 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°𝐶) 45.00 

Results 

Hot Utility Consumption (kW) 7 521.4 

Cold Utility Consumption (kW) 4 953.0 

Cooling Generated (kW) 288.6 

𝑊𝑛𝑒𝑡  (𝑘𝑊) 156.3 

𝑊𝑡𝑢𝑟𝑏 (𝑘𝑊) 158.7 

𝑊𝑝𝑢𝑚𝑝 (𝑘𝑊) 2.4 

OPEX (€/a) 641 335.7 

CAPEX (€/a) 127 654.3 

Electricity Sales (€/a) -250 014.9 

TAC (€/a) 518 975.1 

Area (m²) 1 127.4 

Number of Units 25 

𝜂𝑜𝑟𝑐 8.0% 

Termination Criteria Time Limit 

Optimality Gap (%) /CPU Time (s) 18.2% 

Source:  Own table 
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Figure 5-3. Grid diagram of HEN-WHR for Case Study 1 

Source: Own diagram  
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Table 5-8. Heat exchanger information for HEN-WHR in Case Study 1 

Type of Heat Exchanger Match  Area (m²) Heat Exchanger Duty (kW) 

Intra-Process (i,j,k) 1,1,1 13.2 133.1 
 2,3,1 8.3 178.0 
 1,4,2 238.4 2 399.9 
 4,1,2 43.1 401.6 
 8,3,2 6.5 62.2 
 2,4,3 33.2 327.1 
 4,3,3 71.0 567.4 
 7,1,3 92.4 718.0 
 7,3,3 9.8 76.4 

Hot Utility (j) 1 3.6 220.4 
 2 114.3 3 999.0 
 5 59.5 3 302.0 

Cold Utility (i) 3 39.8 642.6 
 6 53.4 1 655.0 
 8 11.8 194.6 

ORC Evaporator (i) 2 23.6 794.0 
 3 27.3 369.6 
 5 27.2 516.0 

ORC Cold Utility  221.7 1 793.3 

ABC- Generator (i) 2 22.7 378.9 

ABC-Evaporator (i) 3 13.3 185.8 
 7 4.2 40.6 
 8 4.6 62.2 

ABC-Condenser  19.9 306.1 

ABC-Absorber  30.0 361.4 

Source: Own table 

Compared with HEN2 (HEN including refrigeration costs if provided by a VCR), as presented 

in Table 5-3 , HEN-WHR has a decrease of 34.4 % in TAC (518 975.1 €/a instead of 791 301.4 

€/a) and generates 288.6 kW of cooling at 10.0°C and 156.3 kW of electric power from waste 

heat. The results show clearly the benefits of the integration of ORCs and ABCs into the system. 

Comparing HEN-WHR with HEN-ORC, the generated electricity decreases, as only 156.3 kW 

instead of 284.9 kW of power are generated. The 45% drop in power generated is due to two 

main factors: 1) some waste heat is used to generate cooling instead of electricity due to the 

integration of the ABC and 2) the increase in the working fluid condensation temperature, from 

25.0° in HEN-ORC to 45.0°C in HEN-WHR, which decreases the efficiency of the ORC cycle 

by 31% (8.0% instead of 11.6%). As for the comparison between HEN-WHR and HEN-ABC, 

HEN-WHR generates less cooling at 10°C (288.6 kW instead of 401.9 kW) but the generated 

electricity by the ORC largely improves the economics of the design (TAC 518 975.1 €/a 

instead of 735 791.1 €/a) 
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5.2 Case Study 2 (Semi-Continuous Process) 

Table 5-9 presents the information of the process streams for Case Study 2. The problem is an 

adaptation of Case Study 1 and was first used by Hellwig (1998) to illustrate the use of the 

OMNIUM method for the design of HENs for non-continuous operations. According to 

Hellwig, process streams H5 to H8 and C3 to C5 operate discontinuously, only from 6:00 to 

22:00 daily, while the rest of the streams have a continuous operation. The design parameters 

are the same as in Case Study 1, as presented in Table 5-2, and ∆𝑇𝑚𝑖𝑛 = 15.0°𝐶 is used for all 

matches in the system. From a practical point on view, the process can be divided in 2 clear 

periods of operation: From 22:00 to 6:00 and from 6:00 to 22:00. However, in this work 3 

periods of operations are used, the same number as in the original data as presented by Hellwig 

(1998). The 3 periods of operation are: From 0:00 to 6:00, from 6:00 to 22:00 and from 22:00 

to 24:00, to then restart the cycle again, as represented in the event diagram in Figure 5-4.  

Table 5-9. Stream data Case Study 2. 8H5C Discontinuous  

Stream Tin (°C) Tout (°C) F (kW/°C) tstart (h) tend (h) t (h) 

H1 138.0 134.7 767.6 0 24 24 

H2 135.0 134.3 2 397.1 0 24 24 

H3 134.7 32.0 14.3 0 24 24 

H4 134.3 32.0 9.5 0 24 24 

H5 107.0 106.9 5 160.0 6 22 16 

H6 92.0 91.9 16 550.0 6 22 16 

H7 91.9 28.0 13.1 6 22 16 

H8 106.9 30.0 4.1 6 22 16 

C1 15.0 142.0 11.6 0 24 24 

C2 184.0 186.0 1 999.5 0 24 24 

C3 15.0 100.0 10.4 6 22 16 

C4 115.0 117.0 1 363.5 6 22 16 

C5 143.0 145.0 1 651.0 6 22 16 

HU 255.0 255.0 - - - - 

CU 1), 2) 10.0/30.0 10.0/30.0 - - - - 
1) The cold utility temperature is set to 10.0°C for the stand-alone hen and HEN-ORC. For models involving 

absorption chillers (MP-ABC and MP-WHR) this temperature is set to 30.0°C. 
2) Film coefficients for all streams are ℎ = 1.0 kW/m²°C 

Source: Own table 

Figure 5-5 presents the GCCs for the different periods. As the periods are independent of each 

other (no heat storage considered), the “Time Slide Model” (TSM) is used to calculate the utility 

targets in each period. In the TSM, each period is treated as an independent problem and the 

utility targets for each period are calculated using the “Problem Table Algorithm” (PTA). Using 

PTA and considering the duration of the periods, the utility targets are presented in Table 5-10. 

Per cycle, the hot utility target is 154 097.6 kWh and the cold utility target is 123 468.8 kWh. 
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These values are used as limits for the utility consumption in the different models used in this 

case study.  

 

Figure 5-4.  Event diagram of Case Study 2 

Source:  Own diagram 

 

Figure 5-5.  Grand Composite Curves for the different periods of operation in Case Study 2  (∆𝑇𝑚𝑖𝑛 =
15.0°𝐶) 

Source:  Own diagram 
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Table 5-10.  Energy targets Case Study 2 according to TSM 

 Hot Utility Target Cold Utility Target 
 Heat Flow (kW) Heat Load (kWh) Heat Flow (kW) Heat Load (kWh) 

Period 1 4 219.4 25 316.4 5 395.2 32 371.2 

Period 2 7 521.4 120 342.4 5 109.2 81 747.2 

Period 3 4 219.4 8 438.8 5 395.2 10 790.4 
 Total Per Cycle 154 097.6 Total Per Cycle 124 908.8 

Source: Own table 

As before, the stand-alone HEN minimizing the TAC of the system is generated. In this case, 

the multi-period stage-wise superstructure for the synthesis of HENs developed by Verheyen 

and Zhang (2006) using the “Maximum Area” approach, is implemented. As with Case Study 

1 two HEN designs are presented for comparison purposes. “HEN Design 1” (HEN1) has 

available a cold utility with a temperature of 𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 = 10°C. On the other hand, “HEN 

Design 2” (HEN2) has available a cold utility with a temperature of 𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 = 30°C. The 

additional cooling below 45°C (𝑇𝑐𝑢
𝑖𝑛+ Δ𝑇𝑚𝑖𝑛) required to reach its hot process streams targets 

(𝑇𝑖
𝑜𝑢𝑡), will be provided by a vapor compression refrigeration system (VCR). The modeling 

assumption for the VCR are the same as with Case Study 1 as presented in Section 5.1. These 

assumptions include a COP = 7.08 for the VCR and the no consideration of the capital costs 

and heat transfer areas associated with the VCR. As with the continuous case, the number of 

stages was arbitrary set to 3. In total, the model consists of 2 386 equations with 2 099 variables 

(173 integer variables). The results of the optimization problem are summarized in Table 5-11. 

Table 5-11. Results of stand-alone Heat Exchanger Network for Case Study 2 

 HEN1 HEN2 

𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 (°C) 10°C 30°C 

Average Hot Utility Consumption (kW) 6 420.7 6 420.7 

Hot Utility Consumption per Cycle (kWh) 154 097.6 154 097.6 

Average Cold Utility Consumption (kW) 5 204.5 4 950.2 

Cold Utility Consumption per Cycle (kWh) 124 908.8 118 804.2 

Average VCR Cooling Duty (kW) - 254.4 

VCR Cooling Duty per Cycle (kWh) - 6 104.6 

Operative Expenditure /OPEX (€/a) 555 294.9 610 742.4 

Hot Utility Expenditure (€/a) 513 658.7 513 658.7 

Cold Utility Expenditure (€/a) 41 636.3 39 601.4 

VCR Operative Expenditure (€/a) - 57 482.3 

Capital Expenditure /CAPEX (€/a) 75 981.1 88 683.3 

Total Annualized Cost (TAC) 631 276.1 699 425.6 

Area (m²) 760.2 908.5 

Number of Units 15 17 

Termination Criteria Tolerance Tolerance 

CPU Time (s) 9.3 24.2 

Source: Own table 
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Compared with the results of HEN1 in the continuous case presented in Table 5-3, the TAC of 

the multi-period HEN is 11.9% lower (631 276.1 €/a instead of 716 263.4 €/a) due to the 

decrease in the average hot and cold utility consumptions in the system. A slight increase in the 

CAPEX (75 981.1 €/a instead of 73 677.8 €/a) is caused by the increase in the number of heat 

transfer units required in the multi-period case (15 instead of 14). HEN2 (HEN with cold utility 

available at 30°C and therefore requiring a VCR system for additional refrigeration) behave 

similarly to HEN1, with an overall reduction of 11.6 % in the TAC of the multi-period case in 

comparison with the continuous operation (699 425.6 €/a instead of 791 301.4 €/a) and an 

slightly increase in the CAPEX (88 683.3 €/a instead of 85 798.3 €/a). In all periods of 

operation, there is a surplus of energy below the pinch at a high pinch temperature and therefore 

the integration of ORCs can be beneficial to the system. In the following sections, the process 

integration of ORCs, ABCs and both, into HENs in multi-period processes without FTVM heat 

storage (semi-continuous processes) is analyzed with help of the mathematical models 

developed in section 4.2.2 (MP-ORC, MP-ABC and MP-WHR). 

5.2.1 Process Integration of Organic Rankine Cycle  

As with the continuous case, the prescreening algorithm presented in section 5.1.1 is used to 

determine the operating conditions of the ORC as well as the appropriate working fluid for the 

system. The objective function is the average net power generated during a cycle. In Case Study 

2, the pinch temperatures for all periods are the same (130.5 °C) and equal to the pinch 

temperature in Case Study 1, therefore the same temperature intervals for the evaporation and 

condensation temperatures as in Case Study 1 are tested; that is, the evaporation and 

condensation temperatures for all working fluids are tested in the intervals 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 ∈

[80.0 ; 120.0]°𝐶 and 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 ∈ [25.0 ; 60.0]°𝐶. As upper limits for the utility consumption for 

the prescreening algorithm, the pinch targets per cycle as presented in Table 5-10 are used. In 

cases where the pinch temperature differs in each period, it is recommended to test 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  up 

until the maximum pinch temperature among all periods. Table 5-12 presents the results of the 

prescreening algorithm for Case Study 2 using the same working fluids tested in Case Study 1.  

Table 5-12 Results of working fluids prescreening for Case Study 2 

Working Fluid n-butane n-pentane n-hexane R113 R123 R600a 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°C) 91.92 91.90 91.92 91.08 91.61 90.96 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎) 1 304.69 550.48 199.46 348.28 649.03 1 676.52 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°C) 25.00 25.00 25.00 25.00 25.00 25.00 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 244.46 76.51 20.27 44.18 91.31 351.48 

Average Net Power (kW) 362.77 367.29 371.16 373.33 375.40 355.11 

Source: Own table 
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Different than in Case Study 1, the best working fluid for Case Study 2 is R123 instead of R113. 

Again, the best condensation temperature for all working fluids, 25.0°C (91.31 kPa for R123), 

is the lowest temperature evaluated and the calculated evaporation temperatures are similar 

among all the working fluids. For R123 in Case Study 2, the evaporation temperature 91.61 °C 

(649.03 kPa), is higher than the evaporation temperature calculated for R113 in Case Study 1. 

This is explained by the shape of the GCC in periods 1 and 3 in Figure 5-5, where higher 

temperatures are available for the waste heat recovery under the pinch in comparison with 

period 2, which is equivalent to the GCC for Case Study 1, as presented in Figure 5-1. Using 

R123 as working fluid with the operating temperatures found in the prescreening, MP-ORC is 

solved with TAC as the objective function. In total, MP-ORC consists of 2 713 equations with 

2 402 variables (187 integer variables) plus two additional equations to set the upper limits to 

the utility consumption. Results for MP-ORC for Case Study 2 are summarized in Table 5-13 

and the grid diagram for the generated configuration is presented in Appendix D. 

Table 5-13. Results of MP-ORC for Case Study 2 

Operating Conditions ORC 

Working Fluid R123 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎)  649.03 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 91.31 

𝑇𝑒𝑣𝑎𝑝
𝑖𝑛  (°𝐶) 25.40 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°𝐶) 91.61 

𝑇𝑐𝑜𝑛𝑑
𝑖𝑛  (°𝐶) 45.07 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°𝐶) 25.00 

Results 

Average Hot Utility Consumption (kW) 6 420.7 

Hot Utility Consumption per Cycle (kWh) 154 097.6 

Average Cold Utility Consumption (kW) 4 830.0 

Cold Utility Consumption per Cycle (kWh) 115 919.3 

𝑊̅𝑛𝑒𝑡  (𝑘𝑊) 374.6 

𝑊̅𝑡𝑢𝑟𝑏 (𝑘𝑊) 382.9 

𝑊̅𝑝𝑢𝑚𝑝 (𝑘𝑊) 8.2 

𝑊𝑛𝑒𝑡  (𝑘𝑊ℎ) 8 991.1 

𝑊𝑡𝑢𝑟𝑏 (𝑘𝑊ℎ) 9 188.6 

𝑊𝑝𝑢𝑚𝑝 (𝑘𝑊ℎ) 197.5 

OPEX (€/a) 552 318.4 

CAPEX (€/a) 141 928.6 

Electricity Sales (€/a) -599 409.6 

TAC (€/a) 94 817.4 

Area (m²) 1 226.6 

Number of Units 22 

𝜂𝑜𝑟𝑐 12.3 

Termination Criteria Time Limit 

Optimality Gap (%) /CPU Time (s) 80.5 

Source: Own table 
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Compared with the stand-alone multi-period HEN1 in Table 5-11, the integration of ORCs 

again decreases the TAC of the system by generating electricity from waste heat. The effect of 

the ORC integration is even larger than in the continuous case presented in Case Study 1, as an 

85.0% drop in the TAC of the system (from 631 276.1 €/a to 94 817.4 €/a) is achieved (only a 

58.0% drop in TAC in HEN-ORC in Case Study 1). The reason for this improvement is, as 

mentioned before, the availability of high temperature waste heat in periods 1 and 3. This waste 

heat at high temperature, increases the evaporation temperature of the system as compared with 

the continuous case (91.61 °C instead of 85.76°C) , increasing the ORC efficiency (𝜂𝑜𝑟𝑐 =12.3% 

instead of 11.6%). Additionally, the amount of waste heat available in Case Study 2 is slightly 

higher than the waste heat available in Case Study 1, as visible from the cold utility targets (5 

204.5 kW in average in Case Study 2 instead of 5 019.2 kW in Case Study 1). 

5.2.2 Process Integration of Absorption Chillers 

As in Case Study 1, the cold utility temperature available in this case is 30.0 °C, as indicated in 

Table 5-9. The refrigeration temperature to be generated by the ABC (𝑇𝑟𝑒𝑓) is set to 10.0 °C 

and ∆𝑇𝑚𝑖𝑛 = 15.0 °𝐶 for all matches. In total, the model consists of 2 747 equations with 2 390 

variables (189 integer variables) with two additional equations establishing the upper limits to 

the utility consumption. Results for MP-ABC for Case Study 2 are summarized in Table 5-14 

and the grid diagrams for the generated configurations are presented in Appendix D. 

Table 5-14. Results of MP-ABC for Case Study 2 

Operating Conditions ABC 

𝑇𝑟𝑒𝑓  (°𝐶) 10.0 

Results 

Average Hot Utility Consumption (kW) 6 420.7 

Hot Utility Consumption per Cycle (kWh) 154 097.6 

Average Cold Utility Consumption (kW) 5 204.5 

Cold Utility Consumption per Cycle (kWh) 124 908.8 

Average Cooling Generated (kW) 333.9 

Cooling Generated (kWh) 8 014.1 

OPEX (€/a) 555 294.9 

CAPEX (€/a) 100 768.4 

TAC (€/a) 656 063.3 

Area (m²) 1 014.0 

Number of Units 20 

Termination Criteria Tolerance 

Optimality Gap (%) /CPU Time (s) 2 680.1 

Source: Own table 
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Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR 

system for additional refrigeration), as presented in Table 5-11, MP-ABC has at least a 

reduction of 6.2% in the TAC of the system (656 063.3 €/a instead of 699 425.6 €/a) due to the 

replacement of electricity by waste heat as driving force for the refrigeration cycle. The 

calculated savings would be higher if the capital costs of the VCR were also considered.  

MP-ABC is able to generate in average 333.9 kW of cooling at 10°C from waste heat, which 

otherwise would have to be provided by the VCR system using electricity. Compared with the 

continuous case in Case Study 1, MP-ABC has a lower TAC, mainly due to the lower OPEX 

(555 294.9 €/a instead of 642 585.6 €/a in HEN-ABC) as the utility consumption in the multi-

period case is lower than in the continuous case.  

5.2.3 Process Integration of Waste Heat Recovery Technologies (Combined Model) 

The conditions for MP-WHR are similar to those of MP-ORC and MP-ABC. ∆𝑇𝑚𝑖𝑛 = 15.0 °𝐶 

is used for all matches in the system. The cold utility temperature is set as 30.0 °C, like in MP-

ABC. The working fluid for the ORC is R123 with evaporation temperature of 91.61°C (649.03 

kPa) and condensation temperature of 45°C (181.69 kPa). The condensation temperature, 45.0 

°C, is the lowest temperature that can be achieved with the available cold utility. The model 

consists of 3 089 equations with 2 653 variables (163 integer variables), with two additional 

equations for the upper limits to the utility consumption. Results for MP-WHR for Case Study 

2 are summarized in Table 5-15. Table 5-16 and Table 5-17 present detailed information about 

the design and Figure 5-6 illustrates the grid diagram for the configuration. 

Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR 

system for additional refrigeration), as presented in Table 5-11, MP-WHR has a decrease of 

53.4% in TAC (325 784.8 €/a instead of 699 425.6 €/a) and generates in average 240.7 kW of 

electric power and 254.4 kW of cooling at 10.0°C from waste heat. The results show clearly 

the benefits of the integration of ORCs and ABCs into the system. As expected, the heat 

exchanger duties as well as the energy generated and consumed by turbines and pumps, varies 

depending on the period of operation, with 12 out of 27 heat exchanger units in the system 

operating only during period 2. 

Comparing MP-WHR with MP-ORC, the electricity generated decreases by 35.7 %, as only 

240.7 kW instead of 374.6 kW of power are generated. Similar to HEN-WHR, the drop in 

power generated by MP-WHR is produced by two main factors: 1) some waste heat is used to 

generated cooling instead of electricity due to the integration of the ABC and 2) the increase in 
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the working fluid condensation temperature, from 25° in MP-ORC to 45°C in MP-WHR, which 

decreases the efficiency of the ORC cycle in 28.2% (8.8% instead of 12.3%). As for the 

comparison between MP-WHR and MP-ABC, MP-WHR generates less cooling at 10°C (in 

average 254.4 kW instead of 333.9 kW) but the generated electricity largely improves the 

economics of the design (TAC 325 784.8 €/a instead of 656 063.3€/a). 

Table 5-15. Results of MP-WHR for Case Study 2 

Operating Conditions WHR 

𝑇𝑟𝑒𝑓  (°𝐶) 10.0 

Working Fluid R123 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎)  649.03 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 181.69 

𝑇𝑒𝑣𝑎𝑝
𝑖𝑛  (°𝐶) 45.38 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°𝐶) 91.61 

𝑇𝑐𝑜𝑛𝑑
𝑖𝑛  (°𝐶) 59.70 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°𝐶) 45.00 

Results 

Average Hot Utility Consumption (kW) 6 420.7 

Hot Utility Consumption per Cycle (kWh) 154 097.6 

Average Cold Utility Consumption (kW) 4 830.0 

Cold Utility Consumption per Cycle (kWh) 119 135.4 

Average Cooling Generated (kW) 254.4 

Cooling Generated (kWh) 6 104.6 

𝑊̅𝑛𝑒𝑡  (𝑘𝑊) 240.7 

𝑊̅𝑡𝑢𝑟𝑏 (𝑘𝑊) 248.8 

𝑊̅𝑝𝑢𝑚𝑝 (𝑘𝑊) 7.1 

𝑊𝑛𝑒𝑡  (𝑘𝑊ℎ) 5 776.6 

𝑊𝑡𝑢𝑟𝑏 (𝑘𝑊ℎ) 5 946.2 

𝑊𝑝𝑢𝑚𝑝 (𝑘𝑊ℎ) 169.7 

OPEX (€/a) 553 370.5 

CAPEX (€/a) 157 517.7 

Electricity Sales (€/a) -385 103.4 

TAC (€/a) 325 784.8 

Area (m²) 1 453.3 

Number of Units 27 

𝜂𝑜𝑟𝑐 8.8 

Termination Criteria Time Limit 

Optimality Gap (%) /CPU Time (s) 43.6 

Source: Own table  
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Figure 5-6. Grid diagram MP-WHR for Case Study 2 

Source: Own diagram  
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Table 5-16. Heat exchanger information for MP-WHR in Case Study 2 
   

Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 

Intra-Process (i,j,k) 1,1,1 24.4 260.6 311.2 260.6 
 1,4,1 102.4 - 1 049.0 - 
 4,3,1 10.6 - 178.0 - 
 4,1,2 26.2 274.2 223.6 274.2 
 8,3,2 6.5 - 62.2 - 
 2,4,3 176.3 - 1 678.0 - 
 4,1,3 71.0 694.8 567.4 694.8 
 7,1,3 19.4 - 150.7 - 
 7,3,3 82.8 - 643.8 - 

Hot Utility (j) 1 3.6 220.4 220.4 220.4 
 2 52.9 3 999.0 3 999.0 3 999.0 
 5 14.3 - 3 302.0 - 

Cold Utility (i) 3 40.1 652.8 652.8 652.8 
 6 53.4 - 1 655.0 - 
 8 11.8 - 194.6 - 

ORC Evaporator (i) 1 69.6 2 272.4 1 172.8 2 272.4 
 2 52.9 1 678.0 - 1 678.0 
 3 14.3 375.3 234.8 375.3 
 5 31.1 - 516.0 - 

ORC Condenser (j) 1 1.3 23.2 - 23.2 

ORC Cold Utility  364.5 3920.6 1753.8 3 920.6 

ABC- Generator (i) 3 31.2 254.1 394.6 254.1 

ABC-Evaporator (i) 3 13.3 185.8 185.8 185.8 
 7 4.2 - 40.6 - 
 8 4.6 - 62.2 - 

ABC-Condenser  19.9 197.1 306.1 197.1 

ABC-Absorber  34.8 242.8 377.1 242.8 

Source: Own table 

Table 5-17. Turbine and pump information for MP-WHR in Case Study 2 

  Duty (kW) 

Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3 

Turbine 393.4 393.4 175.0 393.4 

Pump 11.2 11.2 5.0 11.2 

Source: Own table 

5.3 Case Study 3 (Batch Process) 

Table 5-18 presents the information of the process streams for Case Study 3. The problem is an 

adaptation from a problem first used by Chaturvedi et al. (2016) to illustrate a methodology for 

batch heat integration with direct storage of product streams. In total 3 hot streams and 2 cold 

streams are part of the process, which is characterized by four different periods of operation, as 

represented in the event diagram of Figure 5-7. Design parameters for the system, including 
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economic parameters for the cost calculations of heat exchangers, turbines pumps and storage 

tanks, are presented in Table 5-19. 

Table 5-18. Stream data Case Study 3. 3H2C 

Stream Tin (°C) Tout (°C) F (kW/°C) tstart (h) tend (h) t (h) 

H1 170.0 60.0 4.00 0 10 10 

H2 190.0 20.0 3.00 0 8 8 

H3 130.0 100.0 1.67 5 8 3 

C1 80.0 140.0 8.00 0 8 8 

C2 10.0 135.0 10.00 2.5 5 2.5 

HU 200.0 200.0 - - - - 

CU 1), 2) 5.0/20.0 5.0/20.0 - - - - 
1) The cold utility temperature is set to 5.0°C for the stand-alone HEN and MP-ST-ORC. For models 

involving absorption chillers (MP-ST-ABC and MP-ST-WHR) this temperature is set to 20.0°C. 
2) Film coefficients for all streams are ℎ = 1.0 kW/m²°C 

Source: Own table 

For the Pinch Analysis, ∆𝑇𝑚𝑖𝑛 = 10.0°𝐶 is used for all matches in the system. The cold utility 

temperature is set to 20.0 °C for the models involving absorption chillers (MP-ST-ABC and 

MP-ST-WHR) and 5.0 °C for the rest (stand-alone HEN and MP-ST-ORC). Energy targets are 

obtained using both, the Time Slice Model (TSM), for the case when no heat storage is 

available, and the Time Average Model (TAM), for the case when heat storage is allowed. In 

TAM, the energy targets are calculated as if the process were a continuous process, where the 

heat flows of the streams are the weighted averages (time averages) of the heat flows of the 

streams over the duration of the batch cycle. Table 5-20 presents the calculated energy targets. 

Table 5-19. Design parameters for Case Study 3 

Parameter General Heat Exchanger Storage Tanks Turbine Pump 

AF (a-1) 0.23 - - - - 

Hy (h/a) 8 000 - - - - 

Chu(€/kWh) 0.05 - - - - 

Ccu(€/kWh) 0.01 - - - - 

ecost/eprice(€/kWh) 0.2 - - - - 

Eff. SHEX (SHEX) 0.7     

Cfix (€) - 1 600.0 0.0 4 000.0 1 200.0 

Cvar (€/m2; €/m3; €/kW )1) - 210.0 2 500.0 2 000.0 750.0 

 - 0.95 0.95 0.95 0.95 

Isentropic Eff. () - - - 0.8 0.65 

𝑐𝑝𝑠𝑡 (kJ/kg°C) 4.2 - - - - 

𝜌𝑠𝑡 (kg/m³) 885.2 - - - - 
1) Generic units are used for the variable cost coefficients, to generate cost calculations in Euros (€). For heat 

exchangers €/m2, for storage tanks €/ m3 , and for turbines and pumps €/kW are used. 

Source: Own table 
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Figure 5-7.  Event diagram Case Study 3 

Source:  Own diagram 

Table 5-20. Energy targets Case Study 3 according to TAM and TSM 

 TAM TSM 

Hot Utility Target (kWh) 0 1 950.0 

Cold Utility Target (kWh) 1 655.3 3 615.3 

Source: Own table 

 

From the GCCs for the different periods of operation presented in Figure 5-8, it is clear that the 

use of heat storage is key for the efficient design of the HEN, as three of the periods have a 

significant heat surplus and only one of the periods has external heating needs. As illustrated in 

the time-averaged GGC in Figure 5-9 and the TAM targets in Table 5-20, heat storage could 

allow the system to operate without hot utility consumption. The pinch temperature of the time-

averaged process streams is 185.0 °C, which indicates the availability of high temperature 

excess energy, but the shape of the GGCs (V-shape between 85.0 °C and 165.0 °C) also 

indicates that most of this excess energy can be recovered internally in the system through heat 

exchange with the help of the heat storage system.  
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Figure 5-8. Grand Composite Curves for the different periods of operation in Case Study 3 (∆𝑇𝑚𝑖𝑛 = 10°𝐶) 

Source:  Own diagram 

A stand-alone HEN using heat storage and based on the modified Beck’s model as presented in 

section 4.2.3.1 is generated. The number of energy levels for the storage system is set to 1 (two 

storage tanks). Again, two HEN designs are presented for comparison purposes. “HEN Design 

1” (HEN1) has available a cold utility with a temperature of 𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 = 5°C. On the other 

hand, “HEN Design 2” (HEN2) has available a cold utility with a temperature of 𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 = 

20°C. The additional cooling below 30°C (𝑇𝑐𝑢
𝑖𝑛+ Δ𝑇𝑚𝑖𝑛) required to reach its hot process streams 

targets (𝑇𝑖
𝑜𝑢𝑡), will be provided by a vapor compression refrigeration system (VCR). The 

modeling assumptions for the VCR are similar to those used in Case Study 1 and Case Study 2 

as presented in Sections 5.1 and 5.2. These assumptions include a COP = 9.27 calculated as the 

50% of the ideal COP (COPideal = 18.54) of a VCR operating between 20°C (temperature of the 
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available cold utility in HEN2) and 5°C (temperature of the available cold utility in HEN1). No 

capital costs or heat transfer areas associated with the VCR system are considered.  

 

Figure 5-9.  Pinch analysis of the time-averaged process streams in Case Study 3 (∆𝑇𝑚𝑖𝑛 = 10.0°𝐶) 

 (∆𝑇𝑚𝑖𝑛 = 10.0°𝐶) 

Source:  Own diagram 

The number of stages was arbitrarily set to 3. In total, the model consists of 1 085 equations 

with 865 variables (53 integer variables). The results of the optimization problem are 

summarized in Table 5-21.  

One important conclusion from Table 5-21 is that only one energy level (two storage tanks) is 

enough to reach the TAM targets. This is not always the case and in general increasing the 

number of energy levels improves the energy recovery on the system, while simultaneously 

increasing the capital costs.  
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Table 5-21.  Results of stand-alone Heat Exchanger Network with Heat Storage for Case Study 3 

 HEN1 HEN2 

𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 (°C) 5°C 20°C 

Average Hot Utility Consumption (kW) 0.0 0.0 

Hot Utility Consumption per Cycle (kWh) 0.0 0.0 

Average Cold Utility Consumption (kW) 166.5 142.5 

Cold Utility Consumption per Cycle (kWh) 1 665.3 1425.3 

Average VCR Cooling Duty (kW) - 24.0 

VCR Cooling Duty per Cycle (kWh) - 240.0 

Operative Expenditure /OPEX (€/a) 13 322.4 15 544.8 

Hot Utility Expenditure (€/a) 0.0 0.0 

Cold Utility Expenditure (€/a) 13 322.4 11 402.4 

VCR Operative Expenditure (€/a) - 4 142.4 

Capital Expenditure /CAPEX (€/a) 31 239.9 37 447.5 

Total Annualized Cost (TAC) 44 562.3 52 992.3 

Area (m²) 252.1 379.9 

Storage Volume (m3) 33.9 37.1 

Number of Units 11 11 

Termination Criteria Time Limit Time Limit 

CPU Time (s) 36.41 58.39 

Source: Own table 

5.3.1 Process Integration of Organic Rankine Cycle  

The prescreening algorithm presented in section 5.1.1 is used to determine the operating 

conditions of the ORC as well as the appropriate working fluid for the system. The time-

averaged streams used to calculate the TAM targets are used as input for the algorithm, as they 

account for the existence of heat storage in the system. The objective function is the average 

net power generated during a cycle. The evaporation and condensation temperatures for all 

working fluids are tested in the intervals 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 ∈ [60.0 ; 175.0]°𝐶 and 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ∈ [20.0 ; 80.0]°𝐶. 

As upper limits for the utility consumption for the prescreening algorithm, the TAM targets per 

cycle as presented in Table 5-20 are used. Table 5-22 presents the results of the prescreening 

algorithm for Case Study 3 using the same working fluids evaluated in Case Studies 1 and 2.  

Table 5-22. Results of working fluids prescreening for Case Study 3 

Working Fluid n-butane n-pentane n-hexane R113 R123 R600a 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°C) 60.00 60.00 60.00 60.00 60.00 60.00 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎) 641.42 240.09 76.64 148.24 286.00 871.30 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°C) 20.00 20.00 20.00 20.00 20.00 20.00 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 208.63 63.32 16.25 36.14 75.56 302.90 

Average Net Power (kW) 13.97 13.32 13.84 13.65 13.86 13.66 

Source: Own table 

For this case, n-butane is the working fluid with the best performance. As with the previous 

case studies, the best condensation temperature for all working fluids, 20.0°C (208.63 kPa), is 
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the lowest temperature evaluated, and the calculated evaporation temperatures are similar 

among all the working fluids. In Case Study 3, the optimal evaporation temperature, 60.00 °C 

(641.42 kPa), is the same regardless of the working fluid. This result is in concordance with the 

GGC for the time-averaged process streams, which indicates that most of the heat available at 

temperatures higher than 85.0 °C is recovered internally through heat exchange with the help 

of the heat storage system, and only the heat below 85.0 °C is available to be used by the WHR 

technologies, including the ORC.  

In total, the model consists of 1 562 equations with 1 236 variables (59 integer variables), plus 

two additional equations to set the TAM limits to the utility consumption. Results for MP-ST- 

ORC for Case Study 3 are summarized in Table 5-23 and the grid diagrams for the generated 

configuration are presented in Appendix D. 

Table 5-23. Results of MP-ST-ORC for Case Study 3 

Operating Conditions ORC 

Working Fluid n-Butane 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎) 641.42 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 208.63 

𝑇𝑒𝑣𝑎𝑝
𝑖𝑛  (°𝐶) 20.36 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°𝐶) 60.00 

𝑇𝑐𝑜𝑛𝑑
𝑖𝑛  (°𝐶) 32.35 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°𝐶) 20.00 

Results 

Average Hot Utility Consumption (kW) 0.0 

Hot Utility Consumption per Cycle (kWh) 0.0 

Average Cold Utility Consumption (kW) 157.8 

Cold Utility Consumption per Cycle (kWh) 1 575.8 

𝑊̅𝑛𝑒𝑡  (𝑘𝑊) 9.0 

𝑊̅𝑡𝑢𝑟𝑏 (𝑘𝑊) 9.2 

𝑊̅𝑝𝑢𝑚𝑝 (𝑘𝑊) 0.28 

𝑊𝑛𝑒𝑡  (𝑘𝑊ℎ) 89.5 

𝑊𝑡𝑢𝑟𝑏 (𝑘𝑊ℎ) 90.3 

𝑊𝑝𝑢𝑚𝑝 (𝑘𝑊ℎ) 2.8 

OPEX (€/a) 12 606.2 

CAPEX (€/a) 39 631.5 

Electricity Sales (€/a) -14 321.7 

TAC (€/a) 37 916.0 

Area (m²) 345.8 

Storage Volume (m³) 32.1 

Number of Units 13 

𝜂𝑜𝑟𝑐 8.4 

Termination Criteria Time Limit 

Optimality Gap (%) /CPU Time (s) 67.20 

Source: Own table 
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Compared with HEN1 as presented in Table 5-21 (TAC1), the results for MP-ST-ORC show a 

reduction of 14.9 % in the TAC of the system (37 916.0 €/a instead of 44 562.3 €/a), without 

increasing its utility consumption. The system generates in average 9.0 kW of electricity from 

waste heat, which would otherwise be rejected. The low temperature at which the waste heat is 

available, influences negatively the efficiency of the cycle and only 8.4% of the energy fed to 

the ORC is transformed to electricity. The generated system has only two heat exchanger units 

more than the stand-alone HEN (13 instead of 11) and, although the heat transfer area required 

increases by 37.2 % (345.8 m² instead of 252.1 m²), the required heat storage volume decreases 

slightly by 5.3% (32.1 m³ instead of 33.9 m³). In general, the integration of the ORC has again 

a positive impact on the economics of the design, as the increased CAPEX (39 631.5 €/a instead 

of 31 239.9 €/a) is offset by the sales from the electricity generated by the ORC (14 321.7 €/a). 

5.3.2 Process Integration of Absorption Chillers 

The cold utility temperature available in this case is 20.0°C, as indicated in Table 5-18. The 

refrigeration temperature to be generated by the ABC (𝑇𝑟𝑒𝑓) is set to 5.0°C and ∆𝑇𝑚𝑖𝑛 = 10.0°𝐶 

is used for all matches. In total, the model consists of 1 283 equations with 1 001 variables (53 

integer variables) plus two equations for the TAM limits to the utility consumption. Results for 

MP-ST-ABC for Case Study 3 are summarized in Table 5-24 and the grid diagrams for the 

generated configuration is presented in Appendix D. 

Table 5-24.  Results of MP-ST-ABC for Case Study 3 

Operating Conditions ABC 

𝑇𝑟𝑒𝑓  (°𝐶) 5 

Results 

Average Hot Utility Consumption (kW) 0.0 

Hot Utility Consumption per Cycle (kWh) 0.0 

Average Cold Utility Consumption (kW) 166.5 

Cold Utility Consumption per Cycle (kWh) 1 665.3 

Average Cooling Generated (kW) 30.0 

Cooling Generated per Cycle (kWh) 300.0 

OPEX (€/a) 13 322.4 

CAPEX (€/a) 35 649.1 

TAC (€/a) 48 971.4 

Area (m²) 292.3 

Storage Volume (m³) 35.1 

Number of Units 17 

Termination Criteria Time Limit 

Optimality Gap (%) /CPU Time (s) 43.18 

Source: Own table 

Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR 

system for additional refrigeration) as presented in Table 5-21, MP-ST-ABC has a 7.6% lower 
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TAC (48 971.4 €/a instead of 52 992.3 €/a) due to the replacement of electricity for waste heat 

as driving force for the refrigeration cycle. The calculated savings would be higher if the capital 

costs of the VCR were also considered.  

The system has also an increase in the required heat transfer area (292.3 m² instead of 252.1 

m²), the number of heat transfer units (17 instead of 11) and in storage volume (35.1 m³ instead 

of 33.9 m³). Even then, MP-ST-ABC is able to generate in average 30.0 kW of cooling at 5.0 

°C from waste heat, which otherwise would have to be provided by the VCR system using 

electricity. 

5.3.3 Process Integration of Waste Heat Recovery Technologies (Combined Model) 

In this case, the conditions are similar to those of MP-ST-ORC and MP-ST-ABC. ∆𝑇𝑚𝑖𝑛 =

10.0 °𝐶 is used for all matches in the system. The cold utility temperature is set to 20.0 °C, like 

in MP-ST-ABC. The working fluid for the ORC is n-Butane with an evaporation temperature 

of 60.0 °C (641.42 kPa) and a condensation temperature of 30.0 °C (284.81 kPa). In total, the 

model consists of 1 483 equations with 1 178 variables (59 integer variables), plus two 

equations for the TAM limits to the utility consumption. Results for MP-ST-WHR for Case 

Study 3 are summarized in Table 5-25. Table 5-26 and Table 5-27 present detailed information 

about the design and Figure 5-10 illustrates the grid diagram for the configuration. 

Compared with HEN2 (HEN with cold utility available at 30°C and therefore requiring a VCR 

system for additional refrigeration) as presented in Table 5-21, MP-ST-WHR has a slight 

decrease of 5.9 % in TAC (49 846.4 €/a instead of 52 992.3 €/a) and it is able to generate in 

average 3.2 kW of electric power and 30.0 kW of cooling at 5.0°C from waste heat. 

Comparing MP-ST-WHR with MP-ST-ORC, the electricity generated decreases in 64.4 % (3.2 

kW instead of 9.0 kW). Similar to HEN-WHR and MP-WHR, the drop in power generated by 

MP-ST-WHR is produced by the use of a part of the waste heat to drive the ABC instead of 

generating electricity and the increase in the working fluid condensation temperature for the 

ORC, which decreases the efficiency of the ORC cycle (6.4% instead of 8.4) and the amount 

of waste heat available for the ORC. As for the comparison between MP-ST-WHR and MP-

ST-ABC, both configurations generate the same amount of cooling at 5°C (in average 30.0 kW 

in both cases) but the integration of the ORC increases by 1.8% the TAC of the system (49 

846.4 €/a instead of 48 971.4 €/a), as the generated electricity in MP-ST-ORC is unable to offset 

the increases in the capital cost of the system due to the ORC. 
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The heat exchanger information for MP-ST-WHR in Table 5-26 shows, as with Case Study 2, 

that the heat exchanger duties vary depending on the period of operation, with none of the heat 

exchangers operating in all the periods. A similar behavior is observed in turbines and pumps 

as presented in Table 5-27, as their duties change depending on the operating period.  

Table 5-25. Results of MP-ST-WHR for Case Study 3 

Operating Conditions WHR 

𝑇𝑟𝑒𝑓  (°𝐶) 5.00 

Working Fluid n-Butane 

𝑃𝑒𝑣𝑎𝑝  (𝑘𝑃𝑎)  641.42 

𝑃𝑐𝑜𝑛𝑑  (𝑘𝑃𝑎) 284.81 

𝑇𝑒𝑣𝑎𝑝
𝑖𝑛  (°𝐶) 30.31 

𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  (°𝐶) 60.00 

𝑇𝑐𝑜𝑛𝑑
𝑖𝑛  (°𝐶) 39.44 

𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  (°𝐶) 30.00 

Results 

Average Hot Utility Consumption (kW) 0.0 

Hot Utility Consumption per Cycle (kWh) 0.0 

Average Cold Utility Consumption (kW) 163.3 

Cold Utility Consumption per Cycle (kWh) 1 633.3 

Average Cooling Generated (kW) 30.0 

Cooling Generated per Cycle (kWh) 300.0 

𝑊̅𝑛𝑒𝑡  (𝑘𝑊) 3.2 

𝑊̅𝑡𝑢𝑟𝑏 (𝑘𝑊) 3.3 

𝑊̅𝑝𝑢𝑚𝑝 (𝑘𝑊) 0.1 

𝑊𝑛𝑒𝑡  (𝑘𝑊ℎ) 32.0 

𝑊𝑡𝑢𝑟𝑏 (𝑘𝑊ℎ) 33.2 

𝑊𝑝𝑢𝑚𝑝 (𝑘𝑊ℎ) 1.1 

OPEX (€/a) 13 066.2 

CAPEX (€/a) 41 906.0 

Electricity Sales (€/a) -5 125.7 

TAC (€/a) 49 846.4 

Area (m²) 386.5 

Storage Volume (m³) 34.8 

Number of Units 16 

𝜂𝑜𝑟𝑐 6.4 

Termination Criteria Time Limit 

Optimality Gap (%) /CPU Time (s) 82.57 

Source: Own table  
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Figure 5-10. Grid diagram MP-ST-WHR for Case Study 3 

Source: Own diagram 
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Table 5-26.  Heat exchanger information for MP-ST-WHR in Case Study 3 

Source: Own table 

Table 5-27. Turbine and pump information for MP-ST-WHR in Case Study 3 

  Duty (kW) 

Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3 Period 4 

Turbine 5.0 0.0 5.0 3.6 5.0 

Pump 0.2 0.0 0.2 0.1 0.2 

Source: Own table 

5.4 Sensitivity Analysis 

In this section, an exemplary sensitivity analysis of one of the nine developed models is 

performed. The objective of this analysis is to study the effect of the variation of key design 

parameters in the synthesis results. From the nine developed models, HEN-WHR, as used in 

Case Study 1, is used for the sensitivity analysis because it combines good computational 

performance (low optimality gaps after 3600 s of computational time) and a reasonable 

complexity at is combines 3 of the 4 studied subsystems (HEN, ORC and ABC).  

The sensitivity analysis is divides in three parts corresponding to a) economical paramteters, b) 

key temperatures inside the subsystems (ORC and ABC) and c) the minimum approach 

temperatures between different stream types in the system. 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match 
Maximum  

Area (m²) 
Period 1 Period 2 Period 3 Period 4 

Intra-Process (i,j,k) 2,1,1 10.9 163.0 135.0 163.0 - 
 1,1,2 28.8 180.0 320.0 180.0 - 
 2,1,2 21.4 137.1 - 137.1 - 
 2,2,3 47.8 - 345.0 - - 

Cold Utility (i) 1 2.0 7.1 7.1 7.1 45.1 

Hot Streams to Cold Sto. Streams (i,k,lv) 1,1,1 16.0 140.0 - 134.8 320.0 
 2,3,1 24.3 120.7 - 159.5 - 
 3,2,1 4.0 - - 50.1 - 

Cold Streams to Hot Sto. Streams (j,k,lv) 1,2,1 1.2 - 25.0 - - 
 2,3,1 171.8 - 905.0 - - 

ORC-Evaporator (i) 1 4.3 - 74.9 54.2 74.9 

ORC-Cold Utility  9.9 - 70.1 50.7 70.1 

ABC-Generator (i) 1 13.7 112.9 37.9 63.9 - 

ABC-Evaporator (i) 2 6.6 80.3 30.0 50.5 - 

ABC-Condenser  8.9 93.0 31.3 52.6 - 

ABC-Absorber  15.0 109.1 36.7 61.8 - 
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5.4.1 Economical parameters 

The economical parameters considered and their variation range are presented in Table 5-28. 

All the selected parameters appear in the objective function for HEN-WHR as presented in 

equations (4-88) to (4-91) in Section 4.2.1.3. The selected parameters do not influence the 

amount of waste heat available in the system nor the performance of the ORC and ABC but 

influence the TAC of the design by changing its economics (CAPEX and OPEX). 

Table 5-28. Economical parameters for the sensitivity analysis of model HEN-WHR. 

Parameter Symbol Unit Nominal Value Lower Limit (%) Upper Limit (%) 

Annualization Factor AF  (a-1) 0.23 70 130 

Hours of Operation Hy  (h/a) 8 000 70 100 

Hot Utility Cost Chu (€/kWh) 0.01  70 130 

Cold Utility Cost Ccu (€/kWh) 0.001 70 130 

Electricity Cost/Price ecost/eprice (€/kWh) 0.2 70 130 

Capital cost exponent  - 0.65 70 130 

Source: Own table 

The results of the sensitivity analysis for Case Study 1 with the HEN-WHR model using 

economical parameters are presented in Figure 5-11 and Figure 5-12. From the studied 

parameters, the “Hot Utility Cost” (Chu) has the biggest impact on the TAC of the system. As 

expected the “Hot Utility Cost” has a linear relation with TAC, as the hot utility consumption 

of the system is fixed to its “hot utility target” as calculated with pinch analysis (See modeling 

assumptions in Section 1.3). A similar linear relation can be seen for other of the studied 

variables with exception of the capital cost exponent () which presents an exponential relation 

with TAC. In this case, as with Case Study 1, the same capital cost exponent was used by all 

components. The only variable with an inverse relation with TAC is the electricity cost, as for 

the same amount of energy recovered by the ORC, increasing electricity costs decrease the TAC 

of the system by decreasing its OPEX. 

It is clear from Figure 5-12, that variations on the selected parametes do not influence the net 

power geneted by the system (𝑊𝑛𝑒𝑡) nor the total heat transfer area of the design. The small 

discrepancites between the values reported for the Total Heat Transfer Area and 𝑊𝑛𝑒𝑡 for 

different percentages of the nominal values in Figure 5-12 are explained by the numerical 

precision of the solver used and the relatively large optimality gap used for the optimizations 

(10 %). From the variables in Table 5-28, two (i.e.Annualization Factor and Capital Cost 

Exponent) have an influence solely on the CAPEX of the system, while the other 4 variables in 

Table 5-28 (hours of operation, electricity cost and hot and cold utility cost) only affect the 

OPEX. None of the variables affects simultaneously both TAC componets.  
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Figure 5-11.  Sensitivity analysis of the Total Annualized Cost (TAC) of the system generated using HEN-WHR 

for Case Study 1 (Economical Parameters). 

Source: Own diagram 

5.4.2 Key temperatures in the subsystems ORC and ABC 

Three key temperatures in the system are used to study the behavior of the HEN-WHR model. 

These temperatures are the evaporation (𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 ) and condensation (𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) temperatures in the 

ORC (as defined at the exit of the ORC-Evaporator and ORC-Condenser respectively) and the 

refrigeration temperature (𝑇𝑟𝑒𝑓) as used in the evaporator in the ABC. The temperatures 

considered and their variation range are presented in Table 5-29. The selected parameters do 

not influence the amount of waste heat available in the system but they affect the performance 

of the ORC and ABC , therefore changing the system designs and their economic performance. 

For consistency, the range of variation for the ORC evaporation temperatures is the same as the 

one used in the prescreening procedure as presented in Section 5.1.1 (𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 ∈

[80.0 ; 120.0]°𝐶). Condensation temperatures lower than the nominal value are not considered, 

as the nominal value (𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 = 45°𝐶) is the lowest temperature that can be achived in the ORC 

condenser using the available cold utility in HEN-WHR (𝑇𝑐𝑢
𝑜𝑢𝑡= 𝑇𝑐𝑢

𝑖𝑛 = 30°C) with the given 

minimum approach temperature (∆𝑇𝑚𝑖𝑛 = 15.0°𝐶 ).  
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Figure 5-12.  Sensitivity analysis of multiple design variables of the system as generated using HEN-WHR for 

Case Study 1 (Economical Parameters). 

Source: Own diagram 

 

Table 5-29. Key temperatures used for the sensitivity analysis of model HEN-WHR. 

Parameter Symbol Unit Nominal Value Lower Limit (%) Upper Limit (%) 

Evaporation Temperature (ORC)  𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  °C 85.76 93.28 139.93 

Condensation Temperature (ORC)  𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡  °C 45.00 100 130 

Refrigeration Temperature (ABC)  𝑇𝑟𝑒𝑓  °C 10.00 70 130 

Source: Own table 
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The results of the sensitivity analysis for Case Study 1 with the HEN-WHR model using the 

parameters in Table 5-29 are presented in Figure 5-13 and Figure 5-14. Higher ORC 

condensation temperatures (𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 ) have a negative impact on the TAC of the system as they 

decrease the amount of net power generated by the ORC. This effect can be explained by a 

reduction of the energy available for the ORC and a decrease in the efficiency of the ORC. The 

variation of the refrigeration temperature (𝑇𝑟𝑒𝑓) have a minimal impact on the TAC of the 

system by slightly increasing or decreasing the total heat transfer areas of the designs. An 

interesting behaviour is obtained by increasing the ORC evaporation temperature (𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 ), as it 

tends to increase the net power (𝑊𝑛𝑒𝑡) generated, to decrease the OPEX and to improve the 

TAC of the system. This behaviour is not linear and for this particular case study (Case Study 

1) and model (HEN-WHR) it can be described as a trend instead of a direct relationship.  

 

Figure 5-13. Sensitivity analysis of the Total Annualized Cost (TAC) of the system generated using HEN-WHR 

for Case Study 1 (Key temperatures in the subsystems ORC and ABC). 

Source: Own diagram 

Another interesting finding is that the nominal 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  used in Case Study 1 for HEN-WHR is 

not the optimal evaporation temperature, as higher temperature values have better 

thermodynamical and economical performances. This is expected as the nominal evaporation 

temperature used (𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 = 85.76 °C) was obtained using the preescreening algorithm with the 

HEN-ORC model and 𝑊𝑛𝑒𝑡 as the objective function. For HEN-WHR a new application of the 
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prescreening algorithm is required in order to find its “optimal” (in relation to 𝑊𝑛𝑒𝑡 ) operating 

conditions. In Section 5.1 the same evaporation temperature was used for the 2 models (HEN-

ORC and HEN-WHR) in order to have a direct comparison between the systems designs. The 

irregular behaviour of TAC and 𝑊𝑛𝑒𝑡 with the increasing 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡  highlights the need to 

incorporate the operating conditions of the ORC in the optimization model. This extension is 

recommended as a future area of research (Section 6.2).  

 

Figure 5-14. Sensitivity Analysis of multiple design variables of the system as generated using HEN-WHR 

for Case Study 1 (Key temperatures in the subsystems ORC and ABC). 

Source: Own diagram 
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5.4.3 Minimum approach temperatures 

Variations in the minimum approach temperatures between the process streams including 

utilites (∆𝑇𝑚𝑖𝑛
𝐻𝐸𝑁), the process streams (including utilites) and the ORC working fluid (∆𝑇𝑚𝑖𝑛

𝑂𝑅𝐶) 

and the process streams (including utilites) and the ABC working pair (∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶) are also studied 

as part of the sensitivity analysis. In the case studies presented in this chapter, all the minimum 

approach temperatures in their respective systems were set to the same value and treated as 

equal (∆𝑇𝑚𝑖𝑛 = 15.0°𝐶 for Case Study 1 and Case Study 2, and ∆𝑇𝑚𝑖𝑛 = 10.0°𝐶 for Case 

Study 3), but in the most general case, minimum approach temperatures for each match in the 

system can be defined. Table 5-30 presents the minimum approach temperatures considered 

and their variation range. In this sensitivity anaylsis, the hot and cold utility are treated as part 

of the process streams. ∆𝑇𝑚𝑖𝑛
𝑂𝑅𝐶 is limited to values lower than the nominal, as the condensation 

temperature of the working fluid is set to 45°C and it requires cooling from the cold utility at 

30°C. A ∆𝑇𝑚𝑖𝑛
𝑂𝑅𝐶 higher than the nominal (15°C) would therefore force the cold process streams 

to provide the whole cooling requirement for the ORC, which is impractical. A similar 

limitation is presented in ∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶, which cannot be higher than 115% of the nominal value in 

order to avoid crystallization. Higher values of ∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶 increase the condensation (𝑇𝑐𝑜𝑛𝑑) and 

absorption (𝑇𝑎𝑏𝑠) temperatures of the ABC as defined in Section 4.2.1.2 and Section 1.3 (Cold 

utiltiy temperate 30°C plus minimum approach temperature). For a given refrigeration 

temperature (𝑇𝑟𝑒𝑓) there is a maximum condensation/absorption temperature above which 

crystallization occurs and the ABC cycle is not able to generate the required cooling.  

Table 5-30. Minimum approach temperatures used for the sensitivity analysis of model HEN-WHR. 

Minimum Approach Temperature Symbol Unit 
Nominal 

Value 
Lower Limit (%) Upper Limit (%) 

Process Streams-Process Streams ∆𝑇𝑚𝑖𝑛
𝐻𝐸𝑁 °C 15.00 70 130 

Process Streams-ORC ∆𝑇𝑚𝑖𝑛
𝑂𝑅𝐶  °C 15.00 70 100 

Process Streams-ABC ∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶  °C 15.00 70 115 

Source: Own table 

The results of the sensitivity analysis for Case Study 1 with the HEN-WHR model using the 

parameters in Table 5-30 are presented in Figure 5-15 and Figure 5-16. ∆𝑇𝑚𝑖𝑛
𝐻𝐸𝑁and ∆𝑇𝑚𝑖𝑛

𝑂𝑅𝐶 

behave similarly, with higher values increasing the TAC of the system as they increase its 

OPEX. This growth in the OPEX is mainly caused by a decrease in the net power generated by 

the ORC as higher values of ∆𝑇𝑚𝑖𝑛
𝐻𝐸𝑁 and ∆𝑇𝑚𝑖𝑛

𝑂𝑅𝐶 decrease the amount of energy available to be 

used by the ORC. ∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶 has similar trends and higher values increase the TAC of the system 

by increasing its OPEX due to the reduction of the net power generated by the ORC. An 
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interesting behaviour takes places with ∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶 lower than 77.5 % of the nominal value ( 

∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶 = 11.625 °𝐶) as below this minimum approach temperature, the ABC can be driven by 

the hot stream H6 (𝑇𝑖𝑛 = 92°𝐶 and 𝑇𝑜𝑢𝑡  =  91.9°𝐶 in Table 5-1) leaving additional energy 

available to the ORC, which for higher values of ∆𝑇𝑚𝑖𝑛
𝐴𝐵𝐶 is used to drive the ABC and now can 

instead be fed to the ORC to generate additional net power. 

 

Figure 5-15. Sensitivity Analysis of the Total Annualized Cost (TAC) of the system generated using HEN-

WHR for Case Study 1 (Minimum approach temperatures between different stream types). 

Source: Own diagram 

5.4.4 General comments on the sensitivity analysis 

The results of the sensitivity analysis of the HEN-WHR model as used for Case Study 1 show 

the effects of different parameters in the optimization procedure and its correponding system 

designs. The multitute of parameters and complex interactions between them have been 

evaluated in a fast and direct way with help of the mathematical model. The results of the 

sensitivity analysis can only be interpreted on the context of Case Study 1 and the HEN-WHR 

model and the effect of the different parameters in the behavior of the variables can differ if 

different input data or models are used. 

As for the sensitivity analysis of HEN-WHR using Case Study 1, the parameters “Hot Utility 

Cost” (𝐶ℎ𝑢), “Hours of Operation per Year” (𝐻𝑦) and “ORC Condensation Temperature” 
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(𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 ) have the biggest impact on the TAC of the system, while the “ABC Refrigeration 

Temperature” (𝑇𝑟𝑒𝑓) has the smallest. An important finding of the sensitivity analysis is, that 

the nominal “ORC Evaporation Temperature” used (𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 =  85.76 °𝐶) is not optimal and 

higher temperatures tend to generate designs with better TAC. This result highlights the need 

to incorporate the operating conditions of the ORC in the optimization model. 

 

 

Figure 5-16. Sensitivity Analysis of multiple design variables of the system as generated using HEN-WHR for 

Case Study 1 (Minimum approach temperatures between different stream types). 

Source: Own diagram 
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Another interesting parameter to study is the number of intra-process stages in the 

superstructure. Figure 5-17 and Figure 5-18 present the results of the sensitivity analysis of the 

number of intra-process stages for HEN-WHR as used in Case Study 1. The results show that 

starting on 3 stages the optimization results stay constant and additional stages do not improve 

the system designs. In the case of only 2 intra-process stages a small penalty in the TAC exist 

as the net power generated by the ORC is lower than with 3 or more stages. Additionally, the 

number of heat transfer units in the system designs increases with increasing number of stages. 

This is typical of mathematical programing techniques and it is referred to as 

“Spaghettification”. Although starting from 3 stages, all the designs have similar TACs, in 

practice the systems with less heat transfer units are preferable as they simplify the control and 

operation the system. 

 

Figure 5-17. Sensitivity Analysis of the Total Annualized Cost (TAC) of the system generated using HEN-

WHR for Case Study 1 (Number of intraprocess stages in the superstructure). 

Source: Own diagram 

In general, the minimum number of stages required to generate a system with minimum TAC 

(optimal number of stages) depends on the process streams studied and the model used. Ideally, 

multiple runs of the models with different number of stages should be performed to find the 

optimal number of stages. As mentioned before the results presented in this sensitivity analysis 
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are only to be interpreted in the context of the input data for Case Study 1 and using the HEN-

WHR model.  

 

Figure 5-18. Sensitivity Analysis of multiple design variables of the system as generated using HEN-WHR for 

Case Study 1 (Number of intraprocess stages in the superstructure). 

Source: Own diagram 
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5.5 Critical Discussion  

The application of the nine structures developed in Chapter 4 for the process integration of 

organic Rankine cycles, absorption chillers or both, into heat exchanger networks for 

continuous and multi-period processes with and without FTVM heat storage, was illustrated 

with three case studies from the literature. For each model a local optimum is reported, which 

minimizes the TAC of the system while integrating WHR technologies without increasing its 

utility consumption. As a result, the generated designs produce electricity, cooling or both from 

waste heat that otherwise would be rejected through the cold utility. Additionally, an exemplary 

sensitivity analysis of one of the developed models (HEN-WHR) was presented, in order to 

illustrate the effect of different parameters in the optimization results.  

Some general comments from the results of the case studies are presented below, including the 

calculation of CO2 savings due to the integration of the WHR technologies into the HENs, in 

comparison with the stand-alone HENs. 

- As expected even with the 10% optimality gap, most of the optima generated in the case 

studies do not reach the required tolerance before the time limit, and instead they generate 

local solutions that cannot be proved to be less than 10% off from the global optimum. The 

effect is more visible in multi-period processes were only 1 out of 6 optima reaches the 

tolerance required. 

-  It is important to emphasize that big optimality gaps do not indicate if the reported solutions 

are close or far to the global optimum. They only indicate that the solver was unable to 

“prove” that the reported solution is less than 10% off from the global optimum. Although 

the solver BARON includes some mathematical procedures to help with the “proving 

process”, in the most general case for complex MINLP a global optimum can only be 

calculated if all the possible configurations are evaluated. Even in the simplest case for 

continuous processes without including the utilities or the WHR technologies, the synthesis 

of HENs is a combinatorial problem, that is the number of possible configurations of the 

system is equal to (𝑁𝐻𝑜𝑡𝑁𝐶𝑜𝑙𝑑𝑁𝑆𝑡𝑎𝑔𝑒𝑠)!. For Case Study 1 that number is up to 120! 

(6.7E198). In practice, the evaluation of all possible configurations is impossible.  

- Although the solver BARON does not require initial values to perform the optimization, 

good initial values help the solver to find good local optima faster. For the case studies 

presented, a simple initialization procedure was used. First the models are solved without 

including the capital costs in the objective functions. The binary variables from this solution 

are then fixed and the resulting NLP is then optimized. The solution obtained to this NLP 
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including the binary variables from the first optimization are used as initial points for the 

final MINLP.  

- The number of heat exchanger units when using mathematical programming approaches 

tends to be high (“Spaghettification”). This can be solved by introducing a limit to the 

number of units in the system. For the most general case (MP-ST-WHR superstructure), 

equation (5-1) sets that limit to the number of heat exchanger units (𝑁𝐿𝑖𝑚𝑖𝑡). The effects of 

this limit to the number of heat exchanger units in the TAC and performace of the system 

should be evaluated in case-by-case basis. 
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+ ∑ 𝑧𝑖
𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

≤ 𝑁𝐿𝑖𝑚𝑖𝑡 

(5-1) 

 

- The results obtained in the case studies can be further optimized using post-optimization 

strategies. By fixing the objective value generated by the models and using it as a constraint 

instead, it is possible to find other attractive system configurations. This strategy takes 

advantage of the fact that the number of variables in the models is always higher than the 

number of equations and therefore multiple solutions for the optimization problems exist 

that generate the same objective value. For example, by fixing the objective value obtained 

for TAC and using the minimum number of units or the minimum heat transfer area as 

objective functions instead, it is possible to find more attractive system configurations for 

real-life operation.  

- In multi-period models, heat exchangers tend to operate only in some periods of operation. 

The reuse of heat exchangers for different matches, that is, the reuse of heat exchanger for 

different pairs of streams at different locations in the system, each period depending on their 

availability has the potential to decrease the number of units required, and therefore the 

capital costs of the HEN. Possible disadvantages of this method include but are not limited 

to the need of cleaning procedures for the heat exchangers with their associated additional 

costs. The integration of this “timesharing mechanism”, as presented by Sadeli and Chang 

(2012), to the models developed in this work, constitutes an area of future research.  

- Although the integration of ORCs into HEN has a positive effect on the economics of the 

design in the case studies presented, the evaluation has to be done on a case-by-case basis. 

For batch processes where capital costs represent a large share of the investment cost, and 
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the energy costs only represent a small fraction of the TAC, the integration of ORCs could 

increase the CAPEX of the system without significant gains due to electricity revenues.  

- For processes with cooling requirements and waste heat availability, the integration of 

ABCs into the HENs can be an interesting option. The ABCs do not change the required 

cooling load, but exchange expensive low temperature cold utility or cooling generated by 

VCR system with a cheaper cold utility at a higher temperature. Similar to ORCs the 

economics of the design have to be evaluated in a case-by-case basis.  

- In their current configuration, the models integrating both ORCs and ABCs into HENs do 

not use at full extend the opportunities for additional synergies between the ORC and the 

ABC. Future improvements to the combined models, using the cooling generated by the 

ABC to decrease the condensation temperature of the ORC, have the potential to achieve a 

greater integration between the studied technologies and therefore improve the economic 

performance of the designs.  

- It is possible to quantify, with certain assumptions, the environmental impact of the 

integrated designs presented in this chapter. Table 5-31 presents the CO2 savings of the 

integrated designs in comparison with the stand-alone HENs (HEN1 and HEN2). The 

calculations are based on the emission factor of the German electricity mix for 2019 (0.401 

kg/kWh), the electricity and cooling generated using waste heat for the different models and 

the assumed COPs for the cooling below the cold utility temperature, when provided by 

VCR systems as presented in each of the individual case studies (COPVCR = 7.08 for Case 

Studies 1 and 2 and COPVCR = 9.27 for Case Study 3).  

Table 5-31. CO2-Savings of the integrated designs in comparison with the stand-alone HENs 

  CO2 Savings (t/a) 

  Electricity Cooling Total 

Case Study 1 HEN-ORC      914.0           -         914.0   
 HEN-ABC         -        182.1   182.1   
 HEN-WHR      501.4        130.8        632.2   

Case Study 2 MP-ORC    1 201.7           -       1 201.7   
 MP-ABC         -         151.3            151.3   
 MP-WHR      772.2        115.3        887.4   

Case Study 3 MP-ST-ORC       28.9           -          28.9   
 MP-ST-ABC         -          10.4         10.4   
 MP-ST-WHR       10.3         10.4         20.7   

Source: Own table 

- Although not presented in the case studies, the models developed in this work are suitable, 

to some extent, for retrofit analysis of existing HENs. Similar to the use of the SYNHEAT 

model for the retrofit of HENs in continuous processes (Björk and Nordman 2005), by 
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fixing the binary variables representing the existing heat exchangers in the HEN and small 

modifications in the cost and area equations (e.g., capital cost of existing heat exchangers 

should be zero if their new required area is lower than their current area), it is possible to 

explore other configurations for the HEN while exploring opportunities for the integration 

of ORCs and ABCs into the background processes. The use of the models in their current 

configuration for retrofit is however limited, as they do not allow for exploring some retrofit 

options such as the relocation of existing heat exchangers and non-isothermal mixing of 

streams.  

- The exemplary sensitivity analysis shows the effect of some model parameters in the 

oprimization results for HEN-WHR. In the most general case, the results of the sensitivity 

analysis are not transferable due to the complex interactions between the subsystems. A 

case-by-case analysis of the models and input data is necessary in order to find the best 

operating conditions for each particular design.  

In order to evaluate the economical, technical and/or environmental performance of the 

generated designs, three different parameters (one for each considered aspect) are used. To 

evaluate the economic performance of the systems integrating exclusively ORC (HEN-ORC, 

MP-ORC and MP-ST-ORC) the difference between the TAC of the combined designs and the 

TAC of HEN1 (TAC of the stand-alone HEN if no refrigeration is required) is used. In the case 

of systems involving ABCs (HEN-ABC, HEN-WHR, MP-ABC, MP-WHR, MP-ST-ABC and 

MP-ST-WHR), the difference between the TAC of the combined designs and the TAC of HEN2 

(TAC of the stand-alone HEN including the refrigeration costs if provided by a VCR) is used.  

In order to evaluate the technical performance of the systems, an efficiency ratio between the 

useful work recovered from the waste heat and the amount of waste heat available, as indicated 

by the cold utility target for the process, is used. The useful work for the ORC subsystem is 

defined by its net power generated and for the ABC subsystem equals to the refrigeration duty 

provided to the hot process streams at the ABC-Evaporators. For multi-period processes the 

average power and average refrigeration duties per cycle are used. By definition, this ratio for 

stand-alone HENs is zero, as they do not generate any useful work (electricity or cooling) from 

the available waste heat. The efficiency ratio is presented in equation (5-2). 

𝐸𝑓𝑓𝑖𝑐. 𝑅𝑎𝑡𝑖𝑜 =
𝑊𝑛𝑒𝑡 + ∑ 𝑞𝑖

𝑎𝑏𝑐𝑒
𝑖∈𝐻𝑃

∑ 𝑞𝑖
𝑐𝑢

𝑖∈𝐻𝑃
  (5-2) 
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 Finally, in order to evaluate the environmental performance of the designs, the CO2-savings 

calculated in Table 5-31 are used. 

Table 5-32. Economical, technical and environmental evaluation of the results of the case studies. 

  TAC Savings Efficiency Ratio CO2 Savings (t/a) 

  €/a %   

Case Study 1 HEN-ORC 415 314.6 58.0% 5.6% 914 
 HEN-ABC 55 520.3 7.0% 7.9% 182.1 
 HEN-WHR 272 326.3 34.4% 8.7% 632.2 

Case Study 2 MP-ORC 536 458.7 85.0% 7.2% 1 201.7 
 MP-ABC 43 362.3 6.2% 6.4% 151.3 
 MP-WHR 373 640.8 53.4% 9.5% 887.4 

Case Study 3 MP-ST-ORC 6 646.3 14.9% 5.4% 28.9 
 MP-ST-ABC 4 020.9 7.6% 18.0% 10.4 
 MP-ST-WHR 3 145.9 5.9% 19.9% 20.7 

Source: Own table 

The results of the case studies as presented in Table 5-32 support the idea that combined design 

approaches are able to generate economically, technically and/or environmentally attractive 

system designs. For all the case studies presented, a reduction in the TAC of the systems 

(economically attractive) and CO2-savings (environmentally attractive) were achieved by the 

combined designs in comparison with the stand-alone HEN designs (in the case of HEN-ORC, 

MP-ORC and MP-ST-ORC), or in comparison with the stand-alone HEN designs with cooling 

below the cold utility temperature provided by a VCR (in the case of HEN-ABC, HEN-WHR, 

MP-ABC, MP-WHR, MP-ST-ABC and MP-ST-WHR). Additionally in all combined designs, 

a share of the waste heat that would be otherwise rejected to the cold utility, was transformed 

into useful work (electricity or cooling). In average 9.8% of the waste heat available in the case 

studies was transformed into useful work (technically attractive).  
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6 Conclusions and Future Work 

6.1 Conclusions 

The overarching research question for this dissertation is: 

 “Can a combined design methodology considering simultaneously the synthesis of heat 

exchanger networks and the process integration of organic Rankine cycles, absorption chillers 

or both into the background processes in continuous and multi-period operation with and 

without FTVM heat storage, generate system designs that are economically, technically and/or 

environmentally more attractive than systems solely factoring heat exchanger networks?” 

In order to answer this question, a mathematical framework for the process integration of ORCs, 

ABCs or both, into HENs in continuous and multi-period processes with and without FTVM 

heat storage was presented. As outlined in section 1.4, Chapter 2 introduced fundamental 

concepts of waste heat recovery and HEN synthesis (Process Integration), Chapter 3 presented 

the State-of-the-Art of the integration of ORCs and ABCs into HENs and Chapter 4 presented 

the nine superstructures developed for the process integration of ORCs and ABCs into HENs 

in continuous and multi-period processes with and without FTVM heat storage, including a 

discussion about the mathematical considerations and limitations of the nine superstructures. 

Finally, in Chapter 5, three case studies from the literature were used to illustrate the use and 

possibilities of the nine individual superstructures developed in this work and an exemplary 

sensitivity analysis for one of the developed superstructures was presented to highlight the 

influence that key parameters in the system have in the optimization results. At the end of the 

chapter, general comments about the results of the case studies and the performance of the 

mathematical models were presented.  

The developed superstructures with their corresponding mathematical models, have proved to 

be useful for the relatively quick evaluation of combined designs integrating ORCs, ABCs, or 

both, into HENs in continuous and multi-period processes with and without FTVM heat storage. 

Although the specific economical, technical and/or environmental benefits from the generated 

designs have to be evaluated on a case-by-case basis, depending on the process considered and 

the economic and design parameters of the system, the results of this dissertation establish that 

at least for some cases (as the ones presented in the case studies), a combined design 

methodology considering simultaneously the synthesis of HENs and the process integration of 

ORCs, ABCs and FTVM heat storage into the background processes in systems with 

continuous or multi-period operation, is able to generate system designs that are economically, 
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technically and environmentally more attractive than systems solely factoring the stand-alone 

HEN. This allows to answer the overarching research question of this dissertation affirmatively.  

6.2 Future Work 

The main objective of this research was the generation of a mathematical framework for the 

process integration of ORCs, ABCs or both technologies into HENs, in continuous and multi-

period processes with and without FTVM heat storage, and it was accomplished successfully. 

However, the mathematical framework has a number of limitations due to the assumptions 

made during the development of the superstructures and it can be improved to include more 

complex configurations or other attractive WHR technologies. Possible directions for future 

work, expanding upon the mathematical framework developed in this dissertation include but 

are not limited to:  

- Inclusion of additional WHR technologies into the mathematical framework, with special 

emphasis on the process integration of heat pumps, as they have been successfully 

implemented in industrial processes worldwide. 

- Integration of WHR in all locations in the superstructures and not only in the dedicated-

stages. 

- Linearization and simplification methodologies in order to reduce the computational 

complexity of the mathematical problems and limit the size of their solution search space. 

- Integration of working fluid/working pair properties in the optimization. In this work, the 

operating conditions for working fluids and working pairs are decided beforehand and are 

not part of the optimization problem. By fully integrating working fluid/working pairs 

properties in the optimization model, it is possible to treat temperatures and pressures inside 

the ORCs and ABCs as optimization variables in order to find the best operating conditions 

for the systems. 

- Consideration of other heat storage technologies. Mathematical formulations including 

latent heat storages, as well as VTVM (Variable Temperature Variable Mass) or VTFM 

(Variable Temperature Fixed Mass) storages are suggested topics for future works.  

- For models including ORCs, the inclusion of other ORC configurations aside of the basic 

cycle, like regenerative, recuperative or transcritical cycles. 

- For models including ABCs, the consideration of multi-effect ABCs and a rigorous analysis 

of the crystallization of LiBr in the refrigeration cycle. 

- The consideration of transient and partial-load effects in the multi-period systems. As 

presented in this work, no transient or partial load effects have been considered. Even then, 
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turbine and pump efficiencies are known to be a function of the load in the system and 

varying the mass flow in the cycles can have an important effect on the performance of their 

components. Additionally, transient effects due to the change in operating conditions have 

not been considered but they could have a considerable influence on the performance of 

some system components.  

- For multi-period processes, the consideration of the “timesharing mechanism” as presented 

by Sadeli and Chang (2012), in order to reuse heat exchangers in different matches each 

period, depending on the needs of the process. This methodology has the potential to 

improve the CAPEX of the systems, and therefore their TAC.  

- Other configurations considering more complex integrations between the different WHR 

technologies used in the superstructures (ORCs and ABCs) can also be explored. Examples 

of such alternative configurations include the use of the heat rejected from the ORC-

Condenser to drive the ABC-Generators, or the use of the refrigeration effect at the ABC-

Evaporator to decrease the condensation temperature at the ORC-Condenser, etc. 

- Similarly, alternative configurations exploring better integration opportunities between the 

WHR technologies and the storage systems can also be explored. As presently constructed, 

the direct interaction between the storage system and the WHR technologies was not 

considered in the mathematical framework developed in this dissertation. As mentioned in 

section 4.3, some works considering the integration of ORCs into industrial processes 

(without considering the HEN synthesis) have already proposed the use of storage tanks 

between the process streams and the ORCs in order to limit/damp the fluctuation of its 

operational parameters (Pili et al. 2017; Pantaleo et al. 2017; Lecompte 2017; Jiménez-

Arreola et al. 2018), with positive results, including the decrease on the required size for 

the ORC.  

- Adaptation of the mathematical framework for the study of retrofit problems. Although, in 

their current configuration, the superstructures can be used to evaluate some retrofit options, 

they do not include attractive retrofit measures, such as the relocation of existing heat 

exchangers, or the non-isothermal mixing of streams. 

- Use of intermediate heats transfer fluids for the process integration of the WHR 

technologies into the HEN. As presented by Chamorro-Romero and Radgen (2020) for the 

integration of ORC into HENs in continuous processes, the use of intermediate heat transfer 

fluids allows to consider system designs where the physical location of the ORC is far from 

the process streams, or where a direct heat exchange between the WHR technologies and 

the process streams is undesirable, due to safety and/or controllability reasons. The 
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extension of the mathematical framework developed in this work to include this type of 

indirect heat integration between the WHR and the process streams constitutes therefore a 

future research opportunity. 

6.3 Final Remarks 

It is clear from the results of this dissertation, that combined design methodologies, considering 

the process integration of ORCs, ABCs or both, into HENs for continuous and multi-period 

processes with and without FTVM heat storage, can generate economically, technically or 

environmentally attractive system designs. The simultaneous consideration of different 

technologies and subsystems generate synergies that would be neglected if a traditional 

hierarchical/sequential approach was applied or if only the stand-alone HEN were considered. 

Additionally, compared with Pinch Analysis, the mathematical nature of the methodology 

allows to calculate multiple variables/parameters of the system simultaneously while 

considering the interaction between the different subsystems in a direct and flexible way. The 

next steps in this area of research include but are not limited, to the consideration of other WHR 

technologies that were not included in this work, as well as the consideration of linearization 

and simplification strategies in order to be able to handle industrial-size problems within 

reasonable computational time and with reasonable computational resources. The developed 

mathematical framework, allows for the relatively quick analysis of this integrated designs, 

under the limitations and assumptions used to for development of the framework. This work 

does not claim to be able to generate the best possible configurations for a given system, but 

allows the easy evaluation of different design options for systems integrating ORCs and ABCs 

into HEN for continuous and multi-period processes with and without FTVM heat storage.  
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Appendix A Modeling of Single-Effect Absorption Chiller 

Appendix A describes the procedure for the mathematical modeling of single-effect absorption 

chillers as used in the mathematical framework developed in Chapter 4. The objective of the 

modeling is to generate fit functions for the coefficient of performance of the ABC (𝐶𝑂𝑃), the 

ratio between the cooling demand at the ABC-Condenser and the heating demand at the ABC-

Generator (𝐶2𝐺), the temperature of the refrigerant solution at the entry of the ABC-Generators 

(𝑡𝑔𝑒𝑛
𝑖𝑛  , location 3 at Figure A-1) and temperature of the strong refrigerant solution at the entry 

of the ABC-Absorber (𝑡𝑎𝑏𝑠
𝑖𝑛  , location 10 at Figure A-1). These four variables are used in the 

mathematical framework developed in Chapter 4 to describe the physical behaviour of the ABC 

and its interaction with the HEN. These variables are period independent and remain constant 

during the whole duration of the cycle in the case of multi-period processes. The structure of 

the fit functions and the mathematical definitions for COP and G2G were presented in Chapter 

4. For clarity, the expressions are repeated below.  

𝐶𝑂𝑃 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

 (A-1) 

𝐶2𝐺 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 (A-2) 

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛  (A-3) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (A-4) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2 + 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (A-5) 

𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (A-6) 

 

For for given refrigeration and condensation temperatures, 𝑇𝑟𝑒𝑓, and 𝑇𝑐𝑜𝑛𝑑, and a given 

effectiveness of the SHEX, 𝜀𝑆𝐻𝐸𝑋, a unique set of fit functions describing the behavior of the 

ABC is generated. The structure of the fit functions is based on the observation of multiple 

simulations of the behaviour of the system for different sets of 𝑇𝑟𝑒𝑓, 𝑇𝑐𝑜𝑛𝑑 and 𝜀𝑆𝐻𝐸𝑋. The 

structure of the fit functions guarantees a good fit with the simulation results from the detailed 

simulation as presented in this appendix (𝑅2 ≥ 0.95).  

 



196 Appendix A - Modeling of Single-Effect Absorption Chiller  

 

 

Figure A-1. Schematic representation of a single-effect absorption chiller  

Source: Own diagram 

The assumptions used for the mathematical modeling of the absorption chiller were presented 

in Section 1.3 and used to define the scope of the research. For clarity, the assumptions are 

repeated as following. 

- Refrigerant couple is set as LiBr/H2O. 

- Only single-effect absorption chillers are considered. 

- Refrigerant and refrigerant solution properties are taken from experimental correlations. 

For the LiBr/H2O solution properties are taken from the correlations by Sun (1997). 

Properties for pure H2O inside the absorption cycle are obtained from Irvine and Liley 

(1984). 

- Condenser and absorber temperatures are the same and they are defined by the available 

cold utility and the minimum approach temperature allowed in the system. 

- Evaporator (refrigeration) temperature is set in advance. 

- Mixing of streams after the generators and evaporators takes place isothermally. 

- Concentration of LiBr in solution remains always between 0.4 and 0.7 in mass, to avoid 

crystallization.  

- Refrigerant (H2O) leaves condenser and evaporators at a saturated state (as liquid and 

vapor respectively). 

- H2O leaves the generator as a superheated steam at the generator pressure and at the 

equilibrium temperature of the LiBr/H2O solution (Wonchala et al. 2014). 
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- Refrigerant solution (LiBr/H2O) leaves absorber and the generators at a saturated state 

(as liquid and vapor respectively). 

- Efficiency of “Solution Heat Exchanger” (SHEX) is set in advance. 

- Area of SHEX and pumping cost of ABC are neglected in the cost calculations (Mussati 

et al. 2016). 

Figure A-1 presents a schematic representation of a single-effect absorption chiller. Equations 

(A-7) to (A-24) describe the physical behaviour of the ABC according to the assumptions 

provided previously and the numbering of the locations as illustrated in Figure A-1. The 

equations are based on mass and energy balances for all the components of the ABC. 

𝑚1 = 𝑚7 +𝑚10 (A-7) 

𝑚10𝑋𝑤𝑠 = 𝑚1𝑋𝑠𝑠 (A-8) 

𝑞𝑎𝑏𝑐𝑎 = 𝑚7ℎ7 +𝑚10ℎ10 −𝑚1ℎ1 (A-9) 

𝑚1 = 𝑚2 (A-10) 

𝑊𝑝𝑢𝑚𝑝 = ( 𝑚2ℎ2 −𝑚1ℎ1)/ 𝜂𝑝𝑢𝑚𝑝 (A-11) 

𝑞𝑠ℎ𝑒𝑥 = 𝑚3ℎ3 −𝑚2ℎ2 = 𝑚9ℎ9 −𝑚8ℎ8 (A-12) 

𝜀𝑠ℎ𝑒𝑥 =
ℎ8 − ℎ7
ℎ8 − ℎ2

 (A-13) 

𝑚3 = 𝑚4 +𝑚8 (A-14) 

𝑚3𝑋𝑤𝑠 = 𝑚8𝑋𝑠𝑠 (A-15) 

𝑞𝑎𝑏𝑐𝑔 = 𝑚4ℎ4 +𝑚8ℎ8 −𝑚3ℎ3 (A-16) 

𝑚9 = 𝑚10 (A-17) 

𝑚9ℎ9 = 𝑚10ℎ10 (A-18) 

𝑚4 = 𝑚5 (A-19) 

𝑞𝑎𝑏𝑐𝑐 = 𝑚4ℎ4 −𝑚5ℎ5 (A-20) 

𝑚5 = 𝑚6 (A-21) 

𝑚5ℎ5 = 𝑚6ℎ6 (A-22) 

𝑚6 = 𝑚7 (A-23) 
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𝑞𝑎𝑏𝑐𝑒 = 𝑚7ℎ7 −𝑚6ℎ6 (A-24) 

 

Any property database or empirical correlations can be used for the fluid properties required 

for the modeling of the ABC (mainly enthalpies of the refrigerant and refrigerant solution) at 

different locations of the superstructure, without loss of generality. In this dissertation, 

empirical correlations by Sun (1997) and Irvine and Liley (1984) are used to calculate the 

thermophysical properties of the LiBr/H2O solution and the refrigerant H2O respectively. 

Below, the empirical correlations are presented explicitly. 

- H2O (Steam Properties): 

▪ Saturation pressure 𝑃𝑠𝑎𝑡  [𝑘𝑃𝑎] for 273.15 𝐾 <  𝑇 <  600 𝐾 

ln 𝑃𝑠𝑎𝑡(𝑇) =  ∑𝐴𝑛𝑇
𝑛

9

𝑛=0

+
𝐴10

𝑇 − 𝐴11
 (A-25) 

 
Table A-1. Coefficients for the calculation of the saturation pressure of H2O. 

𝑛 𝐴𝑛 

0  1.04592E1  

1 -4.04897E-3 

2 -4.17520E-5 

3  3.68510E-7 

4 -1.01520E-9 

5  8.65310E-13 

6  9.03668E-16 

7 -1.99690E-18 

8  7.79287E-22 

9  1.91482E-25 

10 -3.96870E3 

11 -3.95735E1 

Source: Own table 

 

▪ Saturation temperature 𝑇𝑠𝑎𝑡 [𝐾]  

𝑇𝑠𝑎𝑡(𝑃) = 𝐴 +
𝐵

ln𝑃 + 𝐶
 (A-26) 

 
Table A-2. Coefficients for the calculation of the saturation temperature of H2O. 

 𝑃 < 12330 𝑘𝑃𝑎 𝑃 ≥ 12330 𝑘𝑃𝑎 

A 4.26776E1 -3.87592E2 

B -3.89270E2 -1.25875E4 

C -9.48654E1 -1.52578E1 

Source: Own table 
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▪ Specific enthalpy at saturation ℎ𝑠𝑎𝑡  [𝑘𝐽/𝑘𝑔]   

ℎ𝑠𝑎𝑡(𝑇𝑟) = 2.0993E3 (∑𝐴𝑛𝑇𝑟
𝑛

7

𝑛=1

+ 𝐵𝑇𝑟

7
8 + 𝐶𝑇𝑟

5
6 + 𝐷𝑇𝑟

1
3 + 𝐸) (A-27) 

Table A-3. Coefficients for the calculation of the specific enthalpy at saturation of H2O (Part 1). 

 𝐴𝑛 

 Liquid Gas 

𝑛 273.15 𝐾 < 𝑇 < 300 𝐾 300𝐾 < 𝑇 <  600 𝐾 273.15 𝐾 < 𝑇 <  647 𝐾 

1 6.24698837E2 -2.67172935E0 -4.81351884E0 

2 -2.34385369E3  6.22640035E0  2.69411792E0 

3 -9.50812101E3 -1.31789573E1 -7.39064542E0 

4 7.16287928E4 -1.91322436E0 1.04961689E1 

5 -1.63535221E5 6.87937653E1 -5.46840036E0 

6 1.66531093E5 -1.24819906E2 0 

7 -6.47854585E4 7.21435404E1 0 

Source: Own table 

Table A-4. Coefficients for the calculation of the specific enthalpy at saturation of H2O (Part 2). 

 Liquid Gas 

 273.15 𝐾 < 𝑇 < 300 𝐾 300𝐾 < 𝑇 <  600 𝐾 273.15 𝐾 < 𝑇 <  647 𝐾 

B 0 0 -1.48513244E0 

C 0 0 5.08441288E0 

D 0 0 4.57874342E-1 

E 0 8.839230108E-1 1 

Source: Own table 

 

And: 

𝑇𝑟 =
647.3 − 𝑇

647.3
 (A-28) 

 

▪ Specific enthalpy of supersaturated vapor ℎ𝑠𝑢𝑝𝑒𝑟 [𝑘𝐽/𝑘𝑔]   

ℎ𝑠𝑢𝑝𝑒𝑟(𝑃, 𝑇) = [∑𝐴𝑛𝑇
𝑛

2

𝑛=0

] − 𝐴3𝑒
𝑇𝑠𝑎𝑡−𝑇
45  (A-29) 

 

With: 

𝐴0 = 𝐵11 + 𝐵12𝑃 + 𝐵13𝑃
2 (A-30) 

𝐴1 = 𝐵21 + 𝐵22𝑃 + 𝐵23𝑃
2 (A-31) 

𝐴2 = 𝐵31 + 𝐵32𝑃 + 𝐵33𝑃
2 (A-32) 

𝐴3 = 𝐵41 + 𝐵42𝑃 + 𝐵43𝑃
2 + 𝐵44𝑇

4 + 𝐵45𝑇
5 (A-33) 

 

And 𝐵𝑖𝑗: 
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Table A-5. Coefficients for the calculation of the specific enthalpy of superheated H2O. 

 j=1 j=2 j=3 j=4 j=5 

i=1 2.0412100E3 -4.0400210E1 -4.8095000E-1 - - 

i=2 1.6106930E0 5.4720510E-2 7.5175370E-4 - - 

i=3 3.3831170E-4 -1.9757360E-5 -2.8740900E-7 - - 

i=4 1.7078200E3 -1.6994190E1 6.2746295E-2 1.0284259E-4 6.4561298E-8 

Source: Own table 

 

- LiBr/H2O (Solution Properties): 

The equations are valid for 0 °𝐶 ≤ 𝑇 ≤ 180°𝐶 and 0 ≤ 𝑋𝐿𝑖𝐵𝑟 ≤ 70%. 

 

▪ Dew temperature 𝑇𝑑𝑒𝑤 [°𝐹]  
 

𝑇𝑑𝑒𝑤(𝑇, 𝑋𝐿𝑖𝐵𝑟) =∑∑𝐴𝑖𝑗𝑋𝐿𝑖𝐵𝑟
𝑖  𝑇𝑗

2

𝑗=0

5

𝑖=0

 (A-34) 

 

With 𝑋𝐿𝑖𝐵𝑟 [%] and 𝐴𝑖𝑗: 

Table A-6. Coefficients for the calculation of dew temperature of LiBr/H2O solution. 

  j=0 j=1 j=2 

i=0 -1.313448E-1 9.967944E-1 1.978788E-5 

i=1 1.820914E-1 1.778069E-3 -1.779481E-5 

i=2 -5.177356E-2 -2.216697E-4 2.002427E-6 

i=3 2.827426E-3 5.913618E-6 -7.667546E-8 

i=4 -6.380541E-5 -7.308556E-8 1.201525E-9 

i=5 4.340498E-7  2.788472E-10  -6.64171E-12 

Source: Own table 

 

▪ Solution enthalpy ℎ𝑠𝑜𝑙  [𝑘𝐽/𝑘𝑔]  

ℎ𝑠𝑜𝑙(𝑇, 𝑋𝐿𝑖𝐵𝑟) =∑∑𝐴𝑖𝑗𝑋𝐿𝑖𝐵𝑟
𝑖  𝑇𝑗

2

𝑗=0

5

𝑖=0

 (A-35) 

 

With 𝑇 [°𝐶], 𝑋𝐿𝑖𝐵𝑟 [%] and 𝐴𝑖𝑗: 

Table A-7. Coefficients for the calculation of specific enthalpy of LiBr/H2O solution. 

  j=0 j=1 j=2 

i=0 1.134125E0 4.124891E0 5.743693E-4 

i=1 -4.800450E-1 -7.643903E-2 5.870921E-5 

i=2 -2.161438E-3 2.589577E-3 -7.375319E-6 

i=3 2.336235E-4 -9.500522E-5 3.277592E-7 

i=4 -1.188679E-5 1.708026E-6 -6.062304E-9 

i=5 2.291532E-7 -1.102363E-8 3.901897E-11 

Source: Own table 
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▪ Solution density 𝜌𝑠𝑜𝑙  [𝑘𝑔/𝑚³]  
 

𝜌𝑠𝑜𝑙(𝑇, 𝑋𝐿𝑖𝐵𝑟) =∑∑𝐴𝑖𝑗𝑋𝐿𝑖𝐵𝑟
𝑖  𝑇𝑗

2

𝑗=0

4

𝑖=0

 (A-36) 

 

With 𝑇 [°𝐶], 𝑋𝐿𝑖𝐵𝑟 [%] and 𝐴𝑖𝑗: 

Table A-8. Coefficients for the calculation of density of LiBr/H2O solution. 

  j=0 j=1 j=2 

i=0 9.939006E-1 -5.631094E-4 1.392527E-6 

i=1 1.046888E-2 1.633541E-5 -2.801009E-7 

i=2 -1.667939E-4 -1.110273E-6 1.734979E-8 

i=3 5.332835E-6 2.882292E-8 -4.232988E-10 

i=4 -3.440005E-8 -2.523579E-10 3.503024E-12 

Source: Own table 

 

Equations (A-7) to (A-24) and the empirical correlations in expressions (A-25) to (A-36), 

provide a complete description of the physical behavior of the system. In order to generate the 

fit functions for a given set of sets of 𝑇𝑟𝑒𝑓 (equivalent to 𝑇7 in Figure A-1) , 𝑇𝑐𝑜𝑛𝑑 (equivalent 

to 𝑇5 in Figure A-1) and 𝜀𝑆𝐻𝐸𝑋, multiple simulations for the ABC with varying generator 

temperatures, 𝑡𝑔𝑒𝑛 (equivalent to 𝑇8 in Figure A-1) are performed. From the result of the 

simulations, data fitting producers are performed in order to generate the fit coefficients, 𝐶1 to 

𝐶11.  

Figure A-2 illustrates the results of the data fitting procedure for the sets of (𝑇𝑟𝑒𝑓, 𝑇𝑐𝑜𝑛𝑑, 𝜀𝑆𝐻𝐸𝑋) 

used in the case studies in Chapter 5 and Table A-9 presents the coefficients 𝐶1 to 𝐶11 generated 

for the fit functions. For all fit functions 𝑅2 ≥ 0,95. 

Table A-9. Coefficients for the fitting functions generated for the case studies. 

 Case Study 1-2 

(10°C;45°C;0.7) 

Case Study 3 

(5°C;30°C;0.7) 

C1 7.354E-1 8.230E-1 

C2 2.127E-4 -1.422E-4 

C3 -1.322E13 -3.147E12 

C4 -3.617E-1 -5.084E-1 

C5 1.061E0 1.042E0 

C6 -1.805E-6 -3.647E-6 

C7 -6.746E-3 -7.080E-3 

C8 1.469E0 1.240E0 

C9 -2.969E0 1.421E0 

C10 3.178E-1 3.115E-1 

C11 2.988E1 2.022E1 

Source: Own table 
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Figure A-2.  Results for the data fitting procedures for the case studies. 

Source: Own diagram  
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Appendix B Thermophysical properties of ORC Working Fluids 

Appendix B describes the calculation of the thermophysical properties of the working fluids 

used in the case studies in Chapter 5 and presents a database of the parameters used in their 

calculation. In general, the mathematical framework developed in Chapter 4 can be used for 

any dry working fluid with known thermophysical properties. The properties can be extracted 

directly from property databases like REFPROF or calculated using empirical correlations and 

equations of state. This work uses the Peng Robinson Equations of State (PR-EOS) in order to 

calculate the specific enthalpies and entropies of the dry working fluids in each point of the 

ORC cycle. As for the ideal gas heat capacities, vapor pressures and latent heats of 

evaporation/condensation of the working fluids, appropriated empirical correlations as 

presented in the reference book “The Properties of Gas and Liquids” by Poling et al. (2001) are 

used. Expressions (B-1) to (B-5) present the PR-EOS and its constituent parameters. 

𝑃 =
𝑉

𝑉 − 𝑏
−

𝑎𝑉

𝑅𝑇(𝑉2 + 2𝑏𝑉 − 𝑏2)
 (B-1) 

𝑎 = 0.45724
(𝑅𝑇𝑐)

2

𝑃𝑐
𝛼 (B-2) 

𝑏 = 0.0778
𝑅𝑇𝑐
𝑃𝑐

 (B-3) 

𝛼 = [1 +  𝜅 (1 − (
𝑇

𝑇𝑐
)
0.5

)]

2

 (B-4) 

𝜅 = 0.37464 + 1.54226𝜔 − 0.26992𝜔2 (B-5) 

 

By itself the PR-EOS is unable to calculate the specific enthalpies and entropies of real fluids. 

Departure functions based on the PR-EOS calculate the deviation of the real fluids from the 

properties of an ideal gas with the same critical temperature, critical pressure and acentric 

factor. Expressions (B-6) to (B-16) calculate the molar enthalpies and entropies, ℎ [
𝐽

𝑚𝑜𝑙 
] and 

𝑠 [
𝐽

𝑚𝑜𝑙 𝐾
] of real fluids with the reference temperature and pressure, 𝑇0 and 𝑃0, based on the 

ideal gas properties and the departure functions. The ideal gas properties are expressed as a 

function of the molar heat capacity at constant pressure, which is calculated using polynomial 

empirical correlations (temperature-dependent) as presented by Poling et al. (2001). The 

compressibility factor (𝑍) used in the calculations is defined as the real roots of the cubical 

equation (B-12), with the maximum value corresponding to the gas state and the minimum 

value corresponding to the liquid state.  
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ℎ = ℎ𝐼𝐺 + ℎ𝑑𝑒𝑝 (B-6) 

ℎ𝐼𝐺 = ∫ 𝑐𝑝0(𝑇)
𝑇

𝑇0

𝑑𝑇  (B-7) 

ℎ𝑑𝑒𝑝 = 𝑅𝑇 (𝑍 − 1) +
𝑇 (
𝑑𝑎
𝑑𝑇
) − 𝑎

2√2 𝑏
ln (

𝑍 + (1 + √2)𝐵

𝑍 + (1 − √2)𝐵
) (B-8) 

𝑠 = 𝑠𝐼𝐺 + 𝑠𝑑𝑒𝑝 (B-9) 

𝑠𝐼𝐺 = ∫ 𝑐𝑝0(𝑇)
𝑇

𝑇0

 
𝑑𝑇

𝑇
 − 𝑅 ln (

𝑃

𝑃0
)  (B-10) 

𝑠𝑑𝑒𝑝 = 𝑅 ln (𝑍 − 𝐵) +
(
𝑑𝑎
𝑑𝑇
)

2√2 𝑏
ln (

𝑍 + (1 + √2)𝐵

𝑍 + (1 − √2)𝐵
) (B-11) 

0 = 𝑍3 + (𝐵 − 1)𝑍2 + (𝐴 − 3𝐵2 − 2𝐵)𝑍 + (𝐵3 + 𝐵2 − 𝐴𝐵) (B-12) 

𝐴 =
𝑎𝑃

(𝑅𝑇)2
 (B-13) 

𝐵 =
𝑏𝑃

𝑅𝑇
 (B-14) 

𝑑𝑎

𝑑𝑇
=  −0,45724

𝜅𝑅2𝑇𝑐
𝑃𝑐

 (
𝑇

𝑇𝑐
)
−0,5

[1 +  𝜅 (1 − (
𝑇

𝑇𝑐
)
0,5

)]  (B-15) 

𝑐𝑝0(𝑇)

𝑅
= 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇

2 + 𝑎3𝑇
3 + 𝑎4𝑇

4 (B-16) 

 

The vapor pressure of the working fluids is calculated with the “Wagner Equation”(Wagner 

1973) as presented in equations (B-17) and (B-18). The latent heat of evaporation/condensation 

for a given fluid is calculated using the empirical equations (B-19) to (B-21), first proposed by 

Watson (1943) and Chen (1965). In these equations 𝑇𝑏 represent the normal boiling point of the 

fluid. 

ln(𝑃) = 𝑇𝑐
𝑤1𝜏 + 𝑤2𝜏

1.5 + 𝑤3𝜏
3 + 𝑤4𝜏

5

𝑇
 (B-17) 

𝜏 = 1 −
𝑇

𝑇𝑐
 (B-18) 

𝜆 = 𝜆𝑏  (
𝑇𝑐 − 𝑇

𝑇𝑐 − 𝑇𝑏
)
0.38

 (B-19) 

𝜆𝑏 = 𝑅𝑇𝑏
3.978 𝑇𝑏𝑟 − 3.958 + 1.555 ln 𝑃𝑐

1.07 − 𝑇𝑏𝑟
 (B-20) 
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𝑇𝑏𝑟 =
𝑇𝑏
𝑇𝑐

 (B-21) 

 

The parameters used for the calculation of the thermophysical properties of the working fluids 

evaluated in Chapter 5 are presented in Table B-1. Coefficient units are arbitrary, in such a 

manner that the results of the calculations are in SI units.  

Table B-1. Parameters for the calculation of thermophysical properties of selected working fluids  

Name n-butane n-pentane n-hexane R113 R123 R-600a 

𝑀 [𝑘𝑔/𝑚𝑜𝑙] 58.123 72.15 87.177 187.375 152.931 58.123 

𝑇𝑏  [𝐾] 272.66 309.22 341.88 320.74 300.81 261.34 

𝑇𝑐  [𝐾] 425.12 469.7 507.6 487.4 456.9 407.85 

𝑃𝑐  [𝑃𝑎] 3796000 3770000 3025000 3378000 3674000 3640000 

𝜔 0.2 0.252 0.3 0.249 0.282 0.186 

𝑎0 5.547 7.554 8.831 2.133 2.996 3.351 

𝑎1 5.536 -0.368 -0.166 66.238 39.49 17.883 

𝑎2 8.057 11.846 14.302 -8.916 -2.743 5.477 

𝑎3 -10.571 -14.939 -18.314 6.14 -0.122 -8.099 

𝑎4 4.134 5.753 7.124 -1.683 0.572 3.243 

𝑤1 -7.01763 -7.30698 -7.53998 -7.2 -7.437 -6.89609 

𝑤2 1.6777 1.75845 1.83759 1.497 1.796 1.53762 

𝑤3 -1.9739 -2.1629 -2.5438 -2.031 -2.505 -1.72907 

𝑤4 -2.172 -2.913 -3.163 -3.249 -3.282 -2.56103 

Source: Own table 

Using the thermophysical properties as defined in this appendix and energy balances in each of 

the ORC components, it is possible to calculate the specific work of turbines (𝑤𝑡𝑢𝑟𝑏) and pumps 

(𝑤𝑝𝑢𝑚𝑝) as used in the ORC models (HEN-ORC, HEN-WHR, MP-ORC, MP-WHR, MP-ST-

ORC and MP-ST-WHR). For illustrative purposes the calculation will be performed for Case 

Study 1 and HEN-ORC (Working fluid R113), but similar procedures are used for all the ORC 

models and Case Studies. Figure B-1 presents the basic ORC cycle as used in this work, and 

the temperature-enthalpy diagram for a generic dry fluid, as well as an enumeration of the 

different positions in the cycle. Following are a calculation of the different parameters and 

properties of the working fluid in each of the positions in the cycle. 

• Position 1 

o 𝑇1 = 25°C (given) 

o 𝑃1 = 44.18 kPa (Calculated using Equation B-17) 

o ℎ1 = -2.7996E+04 [J/mol] (Calculated using Equation B-6) 

o 𝑠1 = -93.9813 [J/mol K] (Calculated using Equation B-9) 
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Evaporator

Condenser
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turbw
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4

 

a) Schematic representation of a basic ORC Cycle 

 

b) T-s Diagram of a basic ORC cycle 

Figure B-1.  Basic ORC cycle. 

Source: Own diagrams based on Hung (2001). 

• Position 2s 

o 𝑇2𝑠 = 25.06°C (Calculated from Equation B-9 using 𝑠2𝑠 and pressure 𝑃2𝑠) 

o 𝑃2𝑠 = 304.47 kPa (Calculated using Equation B-17 with the evaporation 

temperature 𝑇3 =85.76°C, which is given) 

o ℎ2𝑠 = -2.7968E+04 [J/mol] (Calculated using Equation B-6) 
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o 𝑠2𝑠 = 𝑠1 = -93.9813 [J/mol K] (Isentropic compression) 

• Position 3 

o 𝑇3 = 85.76°C (given) 

o 𝑃3 = 304.47 kPa (Calculated using Equation B-17) 

o ℎ3 = 7.4630E+03 [J/mol] (Calculated using Equation B-6) 

o 𝑠3 = 23.6586 [J/mol K] (Calculated using Equation B-9) 

• Position 4s 

o 𝑇4𝑠 = 43.45°C (Calculated from Equation B-9 using 𝑠4𝑠 and pressure 𝑃4𝑠) 

o 𝑃4𝑠 = 𝑃1 = 44.18 kPa (Condensation pressure) 

o ℎ2 = -2.7968E+04 [J/mol] (Calculated using Equation B-6) 

o 𝑠4𝑠 = 𝑠3 = 23.6586 [J/mol K] (Isentropic expansion) 

• Position 5 

o 𝑇5 = 𝑇1 = 25°C (given) 

o 𝑃5 = 𝑃1 = 44.18 kPa (Calculated using Equation B-17) 

o ℎ5 = ℎ1 = -2.7996E+04 [J/mol] (Same temperature and pressure) 

o 𝑠5 = 15.7846  [J/mol K] (calculated using Equation B-9) 

For positions 2 and 4 the values and defintions of isentropic efficiencies for turbines and 

pumps are necessary. Equations B-22 and B-23 present the definitons for the isentropic 

efficiences.  

𝜂𝑝𝑢𝑚𝑝 =
ℎ2𝑠 − ℎ1
ℎ2 − ℎ1

 (B-22) 

𝜂𝑡𝑢𝑟𝑏 =
ℎ4 − ℎ3
ℎ4𝑠 − ℎ3

 (B-23) 

 

Using the definitons and the values presented in Table 5-2 for the isentropic efficiencies of 

turbines and pumps in Case Study 1 (0.8 and 0.65 respectively) it is posible to calculate ℎ2 

and ℎ4.With these enthalpies and knowing the evaporation and condensation pressures, it is 

possible to calculate the rest of the working fluid properties. 

• Position 2 

o 𝑇2 = 25.15°C (Calculated from Equation B-6) 

o 𝑃2 = 𝑃2𝑠 = 304.47 kPa  

o ℎ2 = -2.7954E+04 [J/mol] (Calculated from Equation B-22) 
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• Position 4 

o 𝑇2 = 51.18°C (Calculated from Equation B-6) 

o 𝑃4 = 𝑃4𝑠 = 44.18 kPa  

o ℎ4 = 3.3231E+03 [J/mol] (Calculated from Equation B-22) 

With the enthalpies in each point of the cycle, the specific work of turbines (𝑤𝑡𝑢𝑟𝑏) and 

pumps (𝑤𝑝𝑢𝑚𝑝) are calculated using equations B-24 and B-25. 

𝑤𝑝𝑢𝑚𝑝 = ℎ2 − ℎ1 (B-24) 

𝑤𝑡𝑢𝑟𝑏 = ℎ4 − ℎ3 (B-25) 

For Case Study 1 and HEN-ORC the specific work of turbines (𝑤𝑡𝑢𝑟𝑏) and pumps (𝑤𝑝𝑢𝑚𝑝) 

are: 

• 𝑤𝑝𝑢𝑚𝑝 =-2.7954E+04 – (-2.7996E+04) [J/mol] = 41.9544 [J/mol] = 0.2239 [kJ/kg] 

• 𝑤𝑡𝑢𝑟𝑏 =3.3231E+03 – 7.4630E+03 [J/mol] = -4.1399E+03 [J/mol] = 22.0942 [kJ/kg] 
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Appendix C Explicit presentation of Mathematical Models 

C.1 SYNHEAT 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞𝑖
𝑐𝑢

𝑘∈𝑆𝑇

= 𝐹𝑖(𝑇𝑖
𝑖𝑛 − 𝑇𝑖

𝑜𝑢𝑡)

𝑗∈𝐶𝑃

,      𝑖 ∈ 𝐻𝑃 
(C-1) 

∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞𝑗
ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃 (C-2) 

∑ 𝑞𝑖,𝑗,𝑘 = 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1)

𝑗∈𝐶𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇 
(C-3) 

∑ 𝑞𝑖,𝑗,𝑘 = 𝐹𝑗(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-4) 

𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑡𝑖,𝑁𝑂𝐾+1 − 𝑇𝑖

𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃  (C-5) 

𝑞𝑗
ℎ𝑢 = 𝐹𝑗(𝑇𝑗

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃  (C-6) 

𝑇𝑖
𝑖𝑛 = 𝑡𝑖,1 ,      𝑖 ∈ 𝐻𝑃 (C-7) 

𝑇𝑗
𝑖𝑛 = 𝑡𝑗,𝑁𝑂𝐾+1 ,      𝑗 ∈ 𝐶𝑃 (C-8) 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇 (C-9) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-10) 

𝑇𝑖
𝑜𝑢𝑡 ≤ 𝑡𝑖,𝑁𝑂𝐾+1 ,      𝑖 ∈ 𝐻𝑃 (C-11) 

𝑇𝑗
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 ,      𝑗 ∈ 𝐶𝑃 (C-12) 

𝑞𝑖,𝑗,𝑘 −  Ω𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-13) 

𝑞𝑖
𝑐𝑢 −  Ω𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-14) 

𝑞𝑗
ℎ𝑢 −  Ω𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃  (C-15) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-16) 
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Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-17) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑐𝑢  ≤  𝑡𝑖,𝑁𝑂𝐾+1 − 𝑇𝑐𝑢

𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑖
𝑐𝑢) ,      𝑖 ∈ 𝐻𝑃 (C-18) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑐𝑢  ≤ 𝑇𝑖

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃 (C-19) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗
𝑜𝑢𝑡  +  Γ(1 − 𝑧𝑗

ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-20) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 +  Γ(1 − 𝑧𝑗
ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-21) 

𝑚𝑖𝑛𝑇𝐴𝐶

=

{
 
 
 
 
 

 
 
 
 
 𝐻𝑦 ∑ 𝑐𝑐𝑢𝑞𝑖

𝑐𝑢

𝑖∈𝐻𝑃

+𝐻𝑦 ∑ 𝑐ℎ𝑢𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝐻𝐸𝑁 (∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃
))

+𝐴𝐹

(

 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
∑ ∑ ∑ (

𝑞𝑖,𝑗,𝑘

𝑈𝑖,𝑗,𝑘𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘
)

𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

 + ∑ (
𝑞𝑖
𝑐𝑢

𝑈𝑖
𝑐𝑢𝐿𝑀𝑇𝐷𝑖

𝑐𝑢)

𝛽

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑗
ℎ𝑢

𝑈𝑗
ℎ𝑢𝐿𝑀𝑇𝐷𝑗

ℎ𝑢)

𝛽

 

𝑗∈𝐶𝑃 )

 
 
 

)

 
 
 
 

}
 
 
 
 
 

 
 
 
 
 

 
(C-22) 
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C.2 HEN-ORC 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖
𝑒𝑣𝑎𝑝 + 𝑞𝑖

𝑐𝑢 = 𝐹𝑖(𝑇𝑖
𝑖𝑛 − 𝑇𝑖

𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃 
(C-23) 

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ 𝑞𝑗
𝑐𝑜𝑛𝑑 + 𝑞𝑗

ℎ𝑢 = 𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛),      𝑗 ∈ 𝐶𝑃 (C-24) 

∑ 𝑞𝑖,𝑗,𝑘 = 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1)

𝑗∈𝐶𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇 
(C-25) 

∑ 𝑞𝑖,𝑗,𝑘 = 𝐹𝑗(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-26) 

𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑡𝑖

𝑜𝑟𝑐−𝑇𝑖
𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃 (C-27) 

𝑞𝑗
ℎ𝑢 = 𝐹𝑗(𝑇𝑗

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃  (C-28) 

𝑞𝑖
𝑒𝑣𝑎𝑝 = 𝐹𝑖(𝑡𝑖,𝑁𝑂𝐾+1 − 𝑡𝑖

𝑜𝑟𝑐),      𝑖 ∈ 𝐻𝑃  (C-29) 

𝑞𝑗
𝑐𝑜𝑛𝑑 = 𝐹𝑗(𝑡𝑗,𝑁𝑂𝐾+1 − 𝑇𝑗

𝑖𝑛),      𝑗 ∈ 𝐶𝑃  (C-30) 

𝑞𝑖
𝑒𝑣𝑎𝑝 = 𝑚̇𝑤 𝑟𝑤𝑖  (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃 (C-31) 

𝑞𝑗
𝑐𝑜𝑛𝑑 = 𝑚̇𝑤 𝑟𝑤𝑗  (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) ,       𝑗 ∈ 𝐶𝑃  (C-32) 

𝑞𝑎𝑐𝑢 = 𝑚̇𝑤  (1 − ∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑)   (C-33) 

∑ 𝑟𝑤𝑖
𝑖∈𝐻𝑃

= 1 (C-34) 

∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

≤ 1 
(C-35) 

𝑇𝑖
𝑖𝑛 = 𝑡𝑖,1 ,      𝑖 ∈ 𝐻𝑃 (C-36) 

𝑡𝑖,𝑁𝑂𝐾+1 ≥ 𝑡𝑖
𝑜𝑟𝑐 ≥ 𝑇𝑖

𝑜𝑢𝑡 (C-37) 
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𝑇𝑗
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 (C-38) 

𝑡𝑗,𝑁𝑂𝐾+1 ≥ 𝑇𝑗
𝑖𝑛 ,      𝑗 ∈ 𝐶𝑃 (C-39) 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇 (C-40) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-41) 

𝑞𝑖,𝑗,𝑘 −  Ω𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-42) 

𝑞𝑖
𝑐𝑢 −  Ω𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-43) 

𝑞𝑗
ℎ𝑢 −  Ω𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃  (C-44) 

𝑞𝑖
𝑒𝑣𝑎𝑝 −  Ω𝑧𝑖

𝑒𝑣𝑎𝑝 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-45) 

𝑞𝑗
𝑐𝑜𝑛𝑑 −  Ω𝑧𝑗

𝑐𝑜𝑛𝑑 ≤ 0 ,      𝑗 ∈ 𝐶𝑃  (C-46) 

𝑞𝑎𝑐𝑢 −  Ω𝑧𝑎𝑐𝑢 ≤ 0 (C-47) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-48) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-49) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑐𝑢  ≤ 𝑡𝑖

𝑜𝑟𝑐 − 𝑇𝑐𝑢
𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑖

𝑐𝑢) ,      𝑖 ∈ 𝐻𝑃 (C-50) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑐𝑢  ≤ 𝑇𝑖

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃 (C-51) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗
𝑜𝑢𝑡  +  Γ(1 − 𝑧𝑗

ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-52) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 +  Γ(1 − 𝑧𝑗
ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-53) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑒𝑣𝑎𝑝  ≤  𝑡𝑖,𝑁𝑂𝐾+1 − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃 (C-54) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑒𝑣𝑎𝑝  ≤ 𝑡𝑖

𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃 (C-55) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1 +  Γ(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑) ,      𝑗 ∈ 𝐶𝑃 (C-56) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 −  𝑇𝑗
𝑖𝑛  +  Γ(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃 (C-57) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1
𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑎𝑐𝑢) (C-58) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2
𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑖𝑛 +  Γ(1 − 𝑧𝑎𝑐𝑢) (C-59) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖
𝑜𝑟𝑐 +

𝑚̇𝑤 𝑟𝑤𝑖 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 )

𝐹𝑖 
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝

) 

,       𝑖 ∈ 𝐻𝑃 

(C-60) 
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𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗
𝑐𝑜𝑛𝑑

≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1 −

𝑚̇𝑤  𝑟𝑤𝑗 𝑐𝑝𝑤(𝑔)  (𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 )

𝐹𝑗 
 )

+ 𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑) 

,      𝑗 ∈ 𝐶𝑃 

(C-61) 

𝑊𝑝𝑢𝑚𝑝 = 𝑚̇𝑤 ∗ 𝑤𝑝𝑢𝑚𝑝 (C-62) 

𝑊𝑡𝑢𝑟𝑏 = 𝑚̇𝑤 ∗ 𝑤𝑡𝑢𝑟𝑏 (C-63) 

𝑚𝑖𝑛𝑇𝐴𝐶

=

{
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

−𝐻𝑦 𝑒𝑝𝑟𝑖𝑐𝑒𝑊𝑡𝑢𝑟𝑏 +𝐻𝑦 𝑒𝑐𝑜𝑠𝑡𝑊𝑝𝑢𝑚𝑝)

+𝐻𝑦 ∑ 𝑐𝑐𝑢𝑞𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+𝐻𝑦 ∑ 𝑐ℎ𝑢𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ 𝐻𝑦𝑐𝑐𝑢𝑞
𝑎𝑐𝑢

+𝐴𝐹

(

  
 
𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢

)

 
 

)

  
 

+𝐴𝐹

(

 
 
 
 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 
∑ ∑ ∑ (

𝑞𝑖,𝑗,𝑘

𝑈𝑖,𝑗,𝑘𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘
)

𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

 + ∑ (
𝑞𝑖
𝑐𝑢

𝑈𝑖
𝑐𝑢𝐿𝑀𝑇𝐷𝑖

𝑐𝑢)

𝛽

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑗
ℎ𝑢

𝑈𝑗
ℎ𝑢𝐿𝑀𝑇𝐷𝑗

ℎ𝑢)

𝛽

 + ∑ (
𝑞𝑖
𝑒𝑣𝑎𝑝

𝑈𝑖
𝑒𝑣𝑎𝑝

 𝐿𝑀𝑇𝐷𝑖
𝑒𝑣𝑎𝑝)

𝛽

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

+ ∑ (
𝑞𝑗
𝑐𝑜𝑛𝑑

𝑈𝑗
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗

𝑐𝑜𝑛𝑑)

𝛽

 

𝑗∈𝐶𝑃

+ (
𝑞𝑎𝑐𝑢

𝑈𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑎𝑐𝑢
)

𝛽

)

 
 
 
 
 
 
 

)

 
 
 
 
 
 
 

+𝐴𝐹(𝑐𝑓𝑖𝑥
𝑡𝑢𝑟𝑏 + 𝑐𝑓𝑖𝑥

𝑝𝑢𝑚𝑝
) +  𝐴𝐹 (𝑐𝑣𝑎𝑟

𝑡𝑢𝑟𝑏𝑊𝑡𝑢𝑟𝑏 
𝛽𝑡𝑢𝑟𝑏  + 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝
𝑊𝑝𝑢𝑚𝑝 

𝛽𝑝𝑢𝑚𝑝) }
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
(C-64) 
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C.3 HEN-ABC 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖
𝑎𝑏𝑐𝑔

+ 𝑞𝑖
𝑐𝑢 + 𝑞𝑖

𝑎𝑏𝑐𝑒 = 𝐹𝑖(𝑇𝑖
𝑖𝑛 − 𝑇𝑖

𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃 (C-65) 

∑ ∑ 𝑞𝑖,𝑗,𝑘 + 𝑞𝑗
ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃 (C-66) 

∑ 𝑞𝑖,𝑗,𝑘
𝑗∈𝐶𝑃

= 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇 (C-67) 

∑ 𝑞𝑖,𝑗,𝑘
𝑖∈𝐻𝑃

= 𝐹𝑗(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-68) 

𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑡𝑖

𝑎𝑏𝑐𝑔
−  𝑡𝑖

𝑎𝑏𝑐𝑒) ,      𝑖 ∈ 𝐻𝑃 (C-69) 

𝑞𝑗
ℎ𝑢 = 𝐹𝑗(𝑇𝑗

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃 (C-70) 

𝑞𝑖
𝑎𝑏𝑐𝑔

= 𝐹𝑖(𝑡𝑖,𝑁𝑂𝐾+1 −  𝑡𝑖
𝑎𝑏𝑐𝑔) ,      𝑖 ∈ 𝐻𝑃 (C-71) 

𝑞𝑖
𝑎𝑏𝑐𝑒 = 𝐹𝑖(𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑖
𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃 (C-72) 

𝑇𝑖
𝑖𝑛 = 𝑡𝑖,1 ,      𝑖 ∈ 𝐻𝑃 (C-73) 

𝑡𝑖,𝑁𝑂𝐾+1 ≥ 𝑡𝑖
𝑎𝑏𝑐𝑔

≥ 𝑡𝑖
𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖

𝑜𝑢𝑡 ,      𝑖 ∈ 𝐻𝑃 (C-74) 

𝑇𝑗
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 ,      𝑗 ∈ 𝐶𝑃 (C-75) 

𝑡𝑗,𝑁𝑂𝐾+1 ≥ 𝑇𝑗
𝑖𝑛 ,      𝑗 ∈ 𝐶𝑃 (C-76) 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1 ,      𝑖 ∈ 𝐻𝑃 (C-77) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1,      𝑗 ∈ 𝐶𝑃 (C-78) 

𝑞𝑖,𝑗,𝑘 −  Ω𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-79) 

𝑞𝑖
𝑐𝑢 −  Ω𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-80) 
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𝑞𝑗
ℎ𝑢 −  Ω𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃  (C-81) 

𝑞𝑖
𝑎𝑏𝑐𝑔

−  Ω𝑧𝑖
𝑎𝑏𝑐𝑔

≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-82) 

𝑞𝑖
𝑎𝑏𝑐𝑒 −  Ω𝑧𝑖

𝑎𝑏𝑐𝑒 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-83) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-84) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-85) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑐𝑢  ≤ 𝑡𝑖

𝑎𝑏𝑐𝑔
− 𝑇𝑐𝑢

𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑖
𝑐𝑢) ,      𝑖 ∈ 𝐻𝑃 (C-86) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑐𝑢  ≤ 𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃 (C-87) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗
𝑜𝑢𝑡  +  Γ(1 − 𝑧𝑗

ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-88) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 +  Γ(1 − 𝑧𝑗
ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-89) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑎𝑏𝑐𝑔

 ≤  𝑡𝑖,𝑁𝑂𝐾+1 − 𝑡𝑔𝑒𝑛 +  Γ(1 − 𝑧𝑖
𝑎𝑏𝑐𝑔

) ,      𝑖 ∈ 𝐻𝑃 (C-90) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑎𝑏𝑐𝑔

 ≤ 𝑡𝑖
𝑎𝑏𝑐𝑔

− 𝑡𝑔𝑒𝑛
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃 (C-91) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑎𝑏𝑐𝑒  ≤ 𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓 +  Γ(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒) ,      𝑖 ∈ 𝐻𝑃 (C-92) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑎𝑏𝑐𝑒  ≤  𝑇𝑖

𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓 +  Γ(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃 (C-93) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1
𝑎𝑏𝑐𝑎  ≤ 𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡 (C-94) 

Δ𝑇𝑚𝑖𝑛 = 𝑑𝑡2
𝑎𝑏𝑐𝑎  (C-95) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1
𝑎𝑏𝑐𝑐  ≤ 𝑇𝑔𝑒𝑛

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑜𝑢𝑡 (C-96) 

Δ𝑇𝑚𝑖𝑛 = 𝑑𝑡2
𝑎𝑏𝑐𝑐 (C-97) 

𝐶𝑂𝑃 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

 (C-98) 

𝐶2𝐺 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 (C-99) 

∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎 (C-100) 

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛  (C-101) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (C-102) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2 + 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (C-103) 

𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (C-104) 
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𝑚𝑖𝑛𝑇𝐴𝐶

=

{
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 𝐻𝑦 ∑ 𝑐𝑐𝑢𝑞𝑖

𝑐𝑢

𝑖∈𝐻𝑃

+𝐻𝑦 ∑ 𝑐ℎ𝑢𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+𝐻𝑦𝑐𝑐𝑢(𝑞
𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎)

+𝐴𝐹

(

  
 
𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃 )

 
 

)

  
 

+𝐴𝐹

(

 
 
 
 
 
 
 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 
 
 
∑ ∑ ∑ (

𝑞𝑖,𝑗,𝑘

𝑈𝑖,𝑗,𝑘𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘
)

𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

 + ∑ (
𝑞𝑖
𝑐𝑢

𝑈𝑖
𝑐𝑢𝐿𝑀𝑇𝐷𝑖

𝑐𝑢)

𝛽

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑗
ℎ𝑢

𝑈𝑗
ℎ𝑢𝐿𝑀𝑇𝐷𝑗

ℎ𝑢)

𝛽

 + ∑ (
𝑞𝑖
𝑎𝑏𝑐𝑔

𝑈𝑖
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑔

)

𝛽

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

+ ∑ (
𝑞𝑖
𝑎𝑏𝑐𝑒

𝑈𝑖
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖

𝑎𝑏𝑐𝑒)

𝛽

 

𝑖∈𝐻𝑃

+ (
𝑞𝑎𝑏𝑐𝑐

𝑈𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑐
)

𝛽

+(
𝑞𝑎𝑏𝑐𝑎

𝑈𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑎
)

𝛽

)

 
 
 
 
 
 
 
 
 

)

 
 
 
 
 
 
 
 
 
 

}
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
(C-105) 
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C.4 HEN-WHR 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖
𝑒𝑣𝑎𝑝 + 𝑞𝑖

𝑎𝑏𝑐𝑔
+ 𝑞𝑖

𝑐𝑢 + 𝑞𝑖
𝑎𝑏𝑐𝑒 = 𝐹𝑖(𝑇𝑖

𝑖𝑛 − 𝑇𝑖
𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃 (C-106

) 

∑ ∑ 𝑞𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ 𝑞𝑗
𝑐𝑜𝑛𝑑 + 𝑞𝑗

ℎ𝑢 = 𝐹𝑗(𝑇𝑗
𝑜𝑢𝑡 − 𝑇𝑗

𝑖𝑛),      𝑗 ∈ 𝐶𝑃 (C-107

) 

∑ 𝑞𝑖,𝑗,𝑘 = 𝐹𝑖(𝑡𝑖,𝑘 − 𝑡𝑖,𝑘+1)

𝑗∈𝐶𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇 (C-108

) 

∑ 𝑞𝑖,𝑗,𝑘 = 𝐹𝑗(𝑡𝑗,𝑘 − 𝑡𝑗,𝑘+1)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-109

) 

𝑞𝑖
𝑐𝑢 = 𝐹𝑖(𝑡𝑖

𝑎𝑏𝑐𝑔
−𝑡𝑖

𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃 
(C-110

) 

𝑞𝑗
ℎ𝑢 = 𝐹𝑗(𝑇𝑗

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃  
(C-111

) 

𝑞𝑖
𝑒𝑣𝑎𝑝 = 𝐹𝑖(𝑡𝑖,𝑁𝑂𝐾+1 − 𝑡𝑖

𝑜𝑟𝑐),      𝑖 ∈ 𝐻𝑃  (C-112

) 

𝑞𝑗
𝑐𝑜𝑛𝑑 = 𝐹𝑗(𝑡𝑗,𝑁𝑂𝐾+1 − 𝑇𝑗

𝑖𝑛),      𝑗 ∈ 𝐶𝑃  (C-113

) 

𝑞𝑖
𝑒𝑣𝑎𝑝 = 𝑚̇𝑤 𝑟𝑤𝑖  (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃 

(C-114

) 

𝑞𝑗
𝑐𝑜𝑛𝑑 = 𝑚̇𝑤 𝑟𝑤𝑗  (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) ,       𝑗 ∈ 𝐶𝑃  

(C-115

) 

𝑞𝑎𝑐𝑢 = 𝑚̇𝑤  (1 − ∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑)   
(C-116

) 

𝑞𝑖
𝑎𝑏𝑐𝑔

= 𝐹𝑖( 𝑡𝑖
𝑜𝑟𝑐 − 𝑡𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃  (C-117

) 

𝑞𝑖
𝑎𝑏𝑐𝑒 = 𝐹𝑖( 𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑖
𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃 

(C-118

) 

∑ 𝑟𝑤𝑖
𝑖∈𝐻𝑃

= 1 (C-119

) 
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∑ 𝑟𝑤𝑗
𝑗∈𝐶𝑃

≤ 1 (C-120

) 

𝑇𝑖
𝑖𝑛 = 𝑡𝑖,1 ,      𝑖 ∈ 𝐻𝑃 

(C-121

) 

𝑡𝑖,𝑁𝑂𝐾+1 ≥ 𝑡𝑖
𝑜𝑟𝑐 ≥ 𝑡𝑖

𝑎𝑏𝑐𝑔
≥ 𝑡𝑖

𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖
𝑜𝑢𝑡 ,      𝑖 ∈ 𝐻𝑃 

(C-122

) 

𝑇𝑗
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 ,      𝑗 ∈ 𝐶𝑃 (C-123

) 

𝑡𝑗,𝑁𝑂𝐾+1 ≥ 𝑇𝑗
𝑖𝑛 ,      𝑗 ∈ 𝐶𝑃 (C-124

) 

𝑡𝑖,𝑘 ≥ 𝑡𝑖,𝑘+1 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇 (C-125

) 

𝑡𝑗,𝑘 ≥ 𝑡𝑗,𝑘+1 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-126

) 

𝑞𝑖,𝑗,𝑘 −  Ω𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-127

) 

𝑞𝑖
𝑐𝑢 −  Ω𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-128

) 

𝑞𝑗
ℎ𝑢 −  Ω𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃  (C-129

) 

𝑞𝑖
𝑒𝑣𝑎𝑝 −  Ω𝑧𝑖

𝑒𝑣𝑎𝑝 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-130

) 

𝑞𝑗
𝑐𝑜𝑛𝑑 −  Ω𝑧𝑗

𝑐𝑜𝑛𝑑 ≤ 0 ,      𝑗 ∈ 𝐶𝑃  (C-131

) 

𝑞𝑎𝑐𝑢 −  Ω𝑧𝑎𝑐𝑢 ≤ 0 
(C-132

) 

𝑞𝑖
𝑎𝑏𝑐𝑔

−  Ω𝑧𝑖
𝑎𝑏𝑐𝑔

≤ 0 ,      𝑖 ∈ 𝐻𝑃  
(C-133

) 

𝑞𝑖
𝑎𝑏𝑐𝑒 −  Ω𝑧𝑖

𝑎𝑏𝑐𝑒 ≤ 0 ,      𝑖 ∈ 𝐻𝑃  (C-134

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘 − 𝑡𝑗,𝑘 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-135

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘  ≤  𝑡𝑖,𝑘+1 − 𝑡𝑗,𝑘+1 +  Γ(1 − 𝑧𝑖,𝑗,𝑘) ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇 (C-136

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑐𝑢  ≤ 𝑡𝑖

𝑎𝑏𝑐𝑔
− 𝑇𝑐𝑢

𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑖
𝑐𝑢) ,      𝑖 ∈ 𝐻𝑃 

(C-137

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑐𝑢  ≤ 𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃 
(C-138

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗
𝑜𝑢𝑡  +  Γ(1 − 𝑧𝑗

ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-139

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1,𝑝 +  Γ(1 − 𝑧𝑗
ℎ𝑢) ,      𝑗 ∈ 𝐶𝑃 (C-140

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑒𝑣𝑎𝑝  ≤  𝑡𝑖,𝑁𝑂𝐾+1 − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃 (C-141

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑒𝑣𝑎𝑝  ≤ 𝑡𝑖

𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃 (C-142

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1 +  Γ(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑) ,      𝑗 ∈ 𝐶𝑃 (C-143

) 
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Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 −  𝑇𝑗
𝑖𝑛  +  Γ(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃 (C-144

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1
𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡 +  Γ(1 − 𝑧𝑎𝑐𝑢) (C-145

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2
𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑖𝑛 +  Γ(1 − 𝑧𝑎𝑐𝑢) (C-146

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑎𝑏𝑐𝑔

 ≤ 𝑡𝑖
𝑜𝑟𝑐  − 𝑡𝑔𝑒𝑛 +  Γ(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
) ,      𝑖 ∈ 𝐻𝑃 

(C-147

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑎𝑏𝑐𝑔

 ≤ 𝑡𝑖
𝑎𝑏𝑐𝑔

− 𝑡𝑔𝑒𝑛
𝑖𝑛 +  Γ(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃 

(C-148

) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖
𝑎𝑏𝑐𝑒  ≤ 𝑡𝑖

𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓 +  Γ(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒) ,      𝑖 ∈ 𝐻𝑃 (C-149) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖
𝑎𝑏𝑐𝑒  ≤  𝑇𝑖

𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓 +  Γ(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃 (C-150) 

Δ𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1
𝑎𝑏𝑐𝑎  ≤ 𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡 

(C-151

) 

Δ𝑇𝑚𝑖𝑛 = 𝑑𝑡2
𝑎𝑏𝑐𝑎 

(C-152

) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑎𝑏𝑐𝑐  ≤ 𝑇𝑔𝑒𝑛
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑜𝑢𝑡 (C-153) 

𝛥𝑇𝑚𝑖𝑛 = 𝑑𝑡2𝑎𝑏𝑐𝑐 (C-154) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖
𝑜𝑟𝑐 +

𝑚̇𝑤 𝑟𝑤𝑖 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 )

𝐹𝑖  
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡

+  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝) 

,       𝑖 ∈ 𝐻𝑃 

(C-155) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗
𝑐𝑜𝑛𝑑

≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1 −

𝑚̇𝑤 𝑟𝑤𝑗  𝑐𝑝𝑤(𝑔)  (𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 )

𝐹𝑗  
 )

+ 𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑) 

,      𝑗 ∈ 𝐶𝑃 

(C-156) 

𝑊𝑝𝑢𝑚𝑝 = 𝑚̇𝑤 ∗ 𝑤𝑝𝑢𝑚𝑝 (C-157) 

𝑊𝑡𝑢𝑟𝑏 = 𝑚̇𝑤 ∗ 𝑤𝑡𝑢𝑟𝑏 (C-158) 

𝐶𝑂𝑃 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

 (C-159) 

𝐶2𝐺 ∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 (C-160) 

∑ 𝑞𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎 (C-161) 
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𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛  (C-162) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (C-163) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2 + 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (C-164) 

𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (C-165) 

𝑚𝑖𝑛 𝑇𝐴𝐶

=

{
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

−𝐻𝑦 𝑒𝑝𝑟𝑖𝑐𝑒𝑊𝑡𝑢𝑟𝑏 + 𝐻𝑦 𝑒𝑐𝑜𝑠𝑡𝑊𝑝𝑢𝑚𝑝)

+𝐻𝑦 ∑ 𝑐𝑐𝑢𝑞𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ 𝐻𝑦 ∑ 𝑐ℎ𝑢𝑞𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ 𝐻𝑦𝑐𝑐𝑢𝑞
𝑎𝑐𝑢+𝐻𝑦𝑐𝑐𝑢(𝑞

𝑎𝑏𝑐𝑐 + 𝑞𝑎𝑏𝑐𝑎)

+𝐴𝐹

(

 
 
 
 
 

𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
 
 
 

∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃 )

 
 
 
 
 

)

 
 
 
 
 

+𝐴𝐹

(

 
 
 
 
 
 
 
 
 
 
 
 
 

𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 
 
 
 
 
 
 
∑ ∑ ∑ (

𝑞𝑖,𝑗,𝑘

𝑈𝑖,𝑗,𝑘𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘
)

𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

 + ∑ (
𝑞𝑖
𝑐𝑢

𝑈𝑖
𝑐𝑢𝐿𝑀𝑇𝐷𝑖

𝑐𝑢)

𝛽

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑗
ℎ𝑢

𝑈𝑗
ℎ𝑢𝐿𝑀𝑇𝐷𝑗

ℎ𝑢)

𝛽

 + ∑ (
𝑞𝑖
𝑒𝑣𝑎𝑝

𝑈𝑖
𝑒𝑣𝑎𝑝𝐿𝑀𝑇𝐷𝑖

𝑒𝑣𝑎𝑝)

𝛽

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

+ ∑ (
𝑞𝑗
𝑐𝑜𝑛𝑑

𝑈𝑗
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗

𝑐𝑜𝑛𝑑)

𝛽

 

𝑗∈𝐶𝑃

+ (
𝑞𝑎𝑐𝑢

𝑈𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑎𝑐𝑢
)

𝛽

+ ∑ (
𝑞𝑖
𝑎𝑏𝑐𝑔

𝑈𝑖
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖
𝑎𝑏𝑐𝑔

)

𝛽

𝑖∈𝐻𝑃

+ ∑ (
𝑞𝑖
𝑎𝑏𝑐𝑒

𝑈𝑖
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖

𝑎𝑏𝑐𝑒)

𝛽

𝑖∈𝐻𝑃

+(
𝑞𝑎𝑏𝑐𝑐

𝑈𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑐
)

𝛽

+ (
𝑞𝑎𝑏𝑐𝑎

𝑈𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑎𝑏𝑐𝑎
)

𝛽

)

 
 
 
 
 
 
 
 
 
 
 
 
 

)

 
 
 
 
 
 
 
 
 
 
 
 
 

+𝐴𝐹(𝑐𝑓𝑖𝑥
𝑡𝑢𝑟𝑏 + 𝑐𝑓𝑖𝑥

𝑝𝑢𝑚𝑝) +  𝐴𝐹 (𝑐𝑣𝑎𝑟
𝑡𝑢𝑟𝑏𝑊𝑡𝑢𝑟𝑏 

𝛽𝑡𝑢𝑟𝑏  + 𝑐𝑣𝑎𝑟
𝑝𝑢𝑚𝑝𝑊𝑝𝑢𝑚𝑝 

𝛽𝑝𝑢𝑚𝑝) }
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(C-166) 
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C.5 MP-ORC 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾}  

𝑃 = {𝑝: 𝑝 is a period of operation of the system, 𝑝 = 1,… . , 𝑁𝑂𝑃}  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 + 𝑞𝑖,𝑝

𝑐𝑢 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝
𝑖𝑛 − 𝑇𝑖,𝑝

𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  
(C-167) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ 𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 + 𝑞𝑗,𝑝

ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-168) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝 = 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝)

𝑗∈𝐶𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  
(C-169) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝 = 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  (C-170) 

𝑞𝑖,𝑝
𝑐𝑢 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑜𝑟𝑐−𝑇𝑖,𝑝
𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-171) 

𝑞𝑗,𝑝
ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-172) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑡𝑖,𝑝

𝑜𝑟𝑐),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃   (C-173) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝐹𝑗,𝑝(𝑡𝑗,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑗,𝑝

𝑖𝑛),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-174) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑖,𝑝  (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-175) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑗,𝑝  (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) ,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-176) 

𝑞𝑝
𝑎𝑐𝑢 = 𝑚̇𝑤𝑝

 (1 − ∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) , 𝑝 ∈ 𝑃  (C-177) 

∑ 𝑟𝑤𝑖,𝑝
𝑖∈𝐻𝑃

= 1,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-178) 

∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

≤ 1,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  
(C-179) 

𝑇𝑖,𝑝
𝑖𝑛 = 𝑡𝑖,1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-180) 
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𝑡𝑖,𝑁𝑂𝐾+1,𝑝 ≥ 𝑡𝑖,𝑝
𝑜𝑟𝑐 ≥ 𝑇𝑖,𝑝

𝑜𝑢𝑡,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-181) 

𝑇𝑗,𝑝
𝑜𝑢𝑡 ≥ 𝑡𝑗,1,𝑝,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-182) 

𝑡𝑖,𝑘,𝑝 ≥ 𝑡𝑖,𝑘+1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-183) 

𝑡𝑗,𝑘,𝑝 ≥ 𝑡𝑗,𝑘+1,𝑝 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-184) 

𝑞𝑖,𝑗,𝑘,𝑝 −  𝛺𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-185) 

𝑞𝑖,𝑝
𝑐𝑢 −  𝛺𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-186) 

𝑞𝑗,𝑝
ℎ𝑢 −  𝛺𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-187) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 −  𝛺𝑧𝑖

𝑒𝑣𝑎𝑝 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-188) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 −  𝛺𝑧𝑗

𝑐𝑜𝑛𝑑 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-189) 

𝑞𝑝
𝑎𝑐𝑢 −  𝛺𝑧𝑎𝑐𝑢 ≤ 0, 𝑝 ∈ 𝑃 (C-190) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑗,𝑘,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃 
(C-191) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑗,𝑘+1,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘

∈ 𝑆𝑇, 𝑝 ∈ 𝑃  
(C-192) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑜𝑟𝑐 − 𝑇𝑐𝑢
𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-193) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑐𝑢  ≤ 𝑇𝑖,𝑝

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-194) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗,𝑝
𝑜𝑢𝑡  +  𝛤(1 − 𝑧𝑗

ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-195) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 +  𝛤(1 − 𝑧𝑗
ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-196) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑒𝑣𝑎𝑝  ≤  𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-197) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑒𝑣𝑎𝑝  ≤ 𝑡𝑖,𝑝

𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-198) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1,𝑝 +  𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-199) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 −  𝑇𝑗,𝑝
𝑖𝑛  +  𝛤(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-200) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-201) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑖𝑛 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-202) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖,𝑝
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖,𝑝
𝑜𝑟𝑐 +

 𝑚̇𝑤𝑝
 𝑟𝑤𝑖,𝑝 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 )

𝐹𝑖,𝑝 
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡

+  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 

(C-203) 
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𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗,𝑝
𝑐𝑜𝑛𝑑

≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1,𝑝 −

𝑚̇𝑤𝑝
 𝑟𝑤𝑗,𝑝 𝑐𝑝𝑤(𝑔)  (𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 )

𝐹𝑗,𝑝 
 )

+ 𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 

(C-204) 

𝑊𝑝𝑢𝑚𝑝𝑝 = 𝑚̇𝑤𝑝
∗ 𝑤𝑝𝑢𝑚𝑝, 𝑝 ∈ 𝑃 (C-205) 

𝑊𝑡𝑢𝑟𝑏𝑝
= 𝑚̇𝑤𝑝

∗ 𝑤𝑡𝑢𝑟𝑏 , 𝑝 ∈ 𝑃 (C-206) 

𝐴𝑖,𝑗,𝑘 ≥
𝑞𝑖,𝑗,𝑘,𝑝

𝑈𝑖,𝑗,𝑘,𝑝𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝
,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-207) 

𝐴𝑖
𝑐𝑢 ≥

𝑞𝑖,𝑝
𝑐𝑢

𝑈𝑖,𝑝
𝑐𝑢𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-208) 

𝐴𝑗
ℎ𝑢 ≥

𝑞𝑗,𝑝
ℎ𝑢

𝑈𝑗,𝑝
ℎ𝑢𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-209) 

𝐴𝑖
𝑒𝑣𝑎𝑝 ≥

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

𝑈𝑖,𝑝
𝑒𝑣𝑎𝑝𝐿𝑀𝑇𝐷𝑖,𝑝

𝑒𝑣𝑎𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-210) 

𝐴𝑗
𝑐𝑜𝑛𝑑 ≥

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑

𝑈𝑗,𝑝
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗,𝑝

𝑐𝑜𝑛𝑑 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-211) 

𝐴𝑎𝑐𝑢 ≥
𝑞𝑝
𝑎𝑐𝑢

𝑈𝑝
𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑝

𝑎𝑐𝑢 (C-212) 

𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 ≥ 𝑊𝑝𝑢𝑚𝑝𝑝, 𝑝 ∈ 𝑃 (C-213) 

𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥 ≥ 𝑊𝑡𝑢𝑟𝑏𝑝

, 𝑝 ∈ 𝑃 (C-214) 

minTAC

=

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 

𝐻𝑦∑(
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
)(

−𝑒𝑝𝑟𝑖𝑐𝑒𝑝𝑊𝑡𝑢𝑟𝑏𝑝
+ 𝑒𝑐𝑜𝑠𝑡𝑝𝑊𝑝𝑢𝑚𝑝𝑝

+ ∑ 𝑐ℎ𝑢𝑝𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑝𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

+ 𝑐𝑐𝑢𝑝𝑞𝑝
𝑎𝑐𝑢)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢

)

 
 

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)

𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽

𝑗∈𝐶𝑃

+ ∑(𝐴𝑖
𝑒𝑣𝑎𝑝)

𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
𝑐𝑜𝑛𝑑)

𝛽

𝑗∈𝐶𝑃

+ (𝐴𝑎𝑐𝑢)𝛽

)

 
 

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝(𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 )

𝛽𝑝𝑢𝑚𝑝

) + 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑡𝑢𝑟𝑏(𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥)𝛽

𝑡𝑢𝑟𝑏
)}
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
(C-215) 
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C.6 MP-ABC 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾}  

𝑃 = {𝑝: 𝑝 is a period of operation of the system, 𝑝 = 1,… . , 𝑁𝑂𝑃}  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

+ 𝑞𝑖,𝑝
𝑐𝑢 + 𝑞𝑖,𝑝

𝑎𝑏𝑐𝑒 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝
𝑖𝑛 − 𝑇𝑖,𝑝

𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-216) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝 + 𝑞𝑗,𝑝
ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-217) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑗∈𝐶𝑃

= 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-218) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑖∈𝐻𝑃

= 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-219) 

𝑞𝑖,𝑝
𝑐𝑢 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
−  𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-220) 

𝑞𝑗,𝑝
ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-221) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

= 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑃 −  𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-222) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑖,𝑝
𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-223) 

𝑇𝑖,𝑝
𝑖𝑛 = 𝑡𝑖,1 ,      𝑖 ∈ 𝐻𝑃 (C-224) 

𝑡𝑖,𝑁𝑂𝐾+1,𝑃 ≥ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

≥ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖,𝑝

𝑜𝑢𝑡 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-225) 

𝑇𝑗,𝑝
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-226) 

𝑡𝑗,𝑁𝑂𝐾+1,𝑝 ≥ 𝑇𝑗,𝑝
𝑖𝑛 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-227) 

𝑡𝑖,𝑘,𝑝 ≥ 𝑡𝑖,𝑘+1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-228) 

𝑡𝑗,𝑘,𝑝 ≥ 𝑡𝑗,𝑘+1,𝑝,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-229) 

𝑞𝑖,𝑗,𝑘,𝑝 −  𝛺𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-230) 
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𝑞𝑖,𝑝
𝑐𝑢 −  𝛺𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-231) 

𝑞𝑗,𝑝
ℎ𝑢 −  𝛺𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-232) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

−  𝛺𝑧𝑖
𝑎𝑏𝑐𝑔

≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-233) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 −  𝛺𝑧𝑖

𝑎𝑏𝑐𝑒 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-234) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑗,𝑘,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃 
(C-235) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑗,𝑘+1,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘

∈ 𝑆𝑇, 𝑝 ∈ 𝑃 
(C-236) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
− 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-237) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-238) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗,𝑝
𝑜𝑢𝑡  +  𝛤(1 − 𝑧𝑗

ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-239) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 +  𝛤(1 − 𝑧𝑗
ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-240) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤  𝑡𝑖,𝑁𝑂𝐾+1,𝑃 − 𝑡𝑔𝑒𝑛 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑔

),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-241) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

− 𝑡𝑔𝑒𝑛
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-242) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-243) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤  𝑇𝑖,𝑝

𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-244) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑎  ≤ 𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-245) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑎 , 𝑝 ∈ 𝑃 (C-246) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑐  ≤ 𝑇𝑔𝑒𝑛

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-247) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-248) 

𝐶𝑂𝑃 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

, 𝑝 ∈ 𝑃 (C-249) 

𝐶2𝐺 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-250) 

∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 + 𝑞𝑝

𝑎𝑏𝑐𝑎, 𝑝 ∈ 𝑃 (C-251) 

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛  (C-252) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (C-253) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2
+ 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (C-254) 
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𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (C-255) 

𝐴𝑖,𝑗,𝑘 ≥
𝑞𝑖,𝑗,𝑘,𝑝

𝑈𝑖,𝑗,𝑘,𝑝𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝
,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-256) 

𝐴𝑖
𝑐𝑢 ≥

𝑞𝑖,𝑝
𝑐𝑢

𝑈𝑖,𝑝
𝑐𝑢𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-257) 

𝐴𝑗
ℎ𝑢 ≥

𝑞𝑗,𝑝
ℎ𝑢

𝑈𝑗,𝑝
ℎ𝑢𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-258) 

𝐴𝑖
𝑎𝑏𝑐𝑔

≥
𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖,𝑝
𝑎𝑏𝑐𝑔 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-259) 

𝐴𝑖
𝑎𝑏𝑐𝑒 ≥

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖,𝑝

𝑎𝑏𝑐𝑒 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-260) 

𝐴𝑎𝑏𝑐𝑎 ≥
𝑞𝑝
𝑎𝑏𝑐𝑎

𝑈𝑝
𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑎 ,      𝑝 ∈ 𝑃 (C-261) 

𝐴𝑎𝑏𝑐𝑐 ≥
𝑞𝑝
𝑎𝑏𝑐𝑐

𝑈𝑝
𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑐 ,      𝑝 ∈ 𝑃 (C-262) 

minTAC

=

{
 
 
 
 
 
 

 
 
 
 
 
 

𝐻𝑦∑(
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
)(∑ 𝑐ℎ𝑢𝑞𝑗,𝑝

ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑞𝑖,𝑝
𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃 )

 
 

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽

𝑗∈𝐶𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑔

)
𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)

𝛽

𝑖∈𝐻𝑃

+ (𝐴𝑎𝑏𝑐𝑎)𝛽 + (𝐴𝑎𝑏𝑐𝑐)𝛽

)

 
 

}
 
 
 
 
 
 

 
 
 
 
 
 

 
(C-263) 
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C.7 MP-WHR 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾}  

𝑃 = {𝑝: 𝑝 is a period of operation of the system, 𝑝 = 1,… . , 𝑁𝑂𝑃}  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 + 𝑞𝑖,𝑝

𝑎𝑏𝑐𝑔
+ 𝑞𝑖,𝑝

𝑐𝑢 + 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝

𝑖𝑛 − 𝑇𝑖,𝑝
𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃, 𝑝

∈ 𝑃  

(C-264) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ 𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 + 𝑞𝑗,𝑝

ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-265) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝 = 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝)

𝑗∈𝐶𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  
(C-266) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝 = 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  (C-267) 

𝑞𝑖,𝑝
𝑐𝑢 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
−𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-268) 

𝑞𝑗,𝑝
ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝

𝑜𝑢𝑡 − 𝑡𝑗,1,𝑝),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-269) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑡𝑖,𝑝

𝑜𝑟𝑐),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃   (C-270) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝐹𝑗,𝑝(𝑡𝑗,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑗,𝑝

𝑖𝑛),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-271) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑖,𝑝  (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-272) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑗,𝑝  (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) ,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-273) 

𝑞𝑝
𝑎𝑐𝑢 = 𝑚̇𝑤𝑝

 (1 − ∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) , 𝑝 ∈ 𝑃  (C-274) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

= 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑃 −  𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-275) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑖,𝑝
𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-276) 

∑ 𝑟𝑤𝑖,𝑝
𝑖∈𝐻𝑃

= 1,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-277) 
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∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

≤ 1,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  
(C-278) 

𝑇𝑖,𝑝
𝑖𝑛 = 𝑡𝑖,1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-279) 

𝑡𝑖,𝑁𝑂𝐾+1,𝑝 ≥ 𝑡𝑖,𝑝
𝑜𝑟𝑐 ≥ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
≥ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖,𝑝
𝑜𝑢𝑡,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-280) 

𝑇𝑗,𝑝
𝑜𝑢𝑡 ≥ 𝑡𝑗,1,𝑝,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-281) 

𝑡𝑖,𝑘,𝑝 ≥ 𝑡𝑖,𝑘+1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-282) 

𝑡𝑗,𝑘,𝑝 ≥ 𝑡𝑗,𝑘+1,𝑝 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-283) 

𝑞𝑖,𝑗,𝑘,𝑝 −  𝛺𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-284) 

𝑞𝑖,𝑝
𝑐𝑢 −  𝛺𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-285) 

𝑞𝑗,𝑝
ℎ𝑢 −  𝛺𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-286) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 −  𝛺𝑧𝑖

𝑒𝑣𝑎𝑝 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-287) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 −  𝛺𝑧𝑗

𝑐𝑜𝑛𝑑 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-288) 

𝑞𝑝
𝑎𝑐𝑢 −  𝛺𝑧𝑎𝑐𝑢 ≤ 0, 𝑝 ∈ 𝑃 (C-289) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

−  𝛺𝑧𝑖
𝑎𝑏𝑐𝑔

≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-290) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 −  𝛺𝑧𝑖

𝑎𝑏𝑐𝑒 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-291) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑗,𝑘,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃 
(C-292) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑗,𝑘+1,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘

∈ 𝑆𝑇, 𝑝 ∈ 𝑃  
(C-293) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
− 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-294) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-295) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗,𝑝
𝑜𝑢𝑡  +  𝛤(1 − 𝑧𝑗

ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-296) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1,𝑝 +  𝛤(1 − 𝑧𝑗
ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-297) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑒𝑣𝑎𝑝

 ≤  𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝
),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-298) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑒𝑣𝑎𝑝  ≤ 𝑡𝑖,𝑝

𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-299) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1,𝑝 +  𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-300) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 −  𝑇𝑗,𝑝
𝑖𝑛  +  𝛤(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-301) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-302) 
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𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑖𝑛 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-303) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤  𝑡𝑖,𝑝
𝑜𝑟𝑐 − 𝑡𝑔𝑒𝑛 +  𝛤(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-304) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

− 𝑡𝑔𝑒𝑛
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-305) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-306) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤  𝑇𝑖,𝑝

𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-307) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑎  ≤ 𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-308) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑎 , 𝑝 ∈ 𝑃 (C-309) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑐  ≤ 𝑇𝑔𝑒𝑛

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-310) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-311) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖,𝑝
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖,𝑝
𝑜𝑟𝑐 +

 𝑚̇𝑤𝑝
 𝑟𝑤𝑖,𝑝 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 )

𝐹𝑖,𝑝 
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡

+  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 

(C-312) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗,𝑝
𝑐𝑜𝑛𝑑

≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1,𝑝 −

𝑚̇𝑤𝑝
 𝑟𝑤𝑗,𝑝 𝑐𝑝𝑤(𝑔)  (𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 )

𝐹𝑗,𝑝 
 )

+ 𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 

(C-313) 

𝑊𝑝𝑢𝑚𝑝𝑝 = 𝑚̇𝑤𝑝
∗ 𝑤𝑝𝑢𝑚𝑝, 𝑝 ∈ 𝑃 (C-314) 

𝑊𝑡𝑢𝑟𝑏𝑝
= 𝑚̇𝑤𝑝

∗ 𝑤𝑡𝑢𝑟𝑏 , 𝑝 ∈ 𝑃 (C-315) 

𝐶𝑂𝑃 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

, 𝑝 ∈ 𝑃 (C-316) 

𝐶2𝐺 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-317) 

∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 + 𝑞𝑝

𝑎𝑏𝑐𝑎, 𝑝 ∈ 𝑃 (C-318) 

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛  (C-319) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (C-320) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2
+ 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (C-321) 

𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (C-322) 
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𝐴𝑖,𝑗,𝑘 ≥
𝑞𝑖,𝑗,𝑘,𝑝

𝑈𝑖,𝑗,𝑘,𝑝𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝
,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-323) 

𝐴𝑖
𝑐𝑢 ≥

𝑞𝑖,𝑝
𝑐𝑢

𝑈𝑖,𝑝
𝑐𝑢𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-324) 

𝐴𝑗
ℎ𝑢 ≥

𝑞𝑗,𝑝
ℎ𝑢

𝑈𝑗,𝑝
ℎ𝑢𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-325) 

𝐴𝑖
𝑒𝑣𝑎𝑝 ≥

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

𝑈𝑖,𝑝
𝑒𝑣𝑎𝑝𝐿𝑀𝑇𝐷𝑖,𝑝

𝑒𝑣𝑎𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-326) 

𝐴𝑗
𝑐𝑜𝑛𝑑 ≥

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑

𝑈𝑗,𝑝
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗,𝑝

𝑐𝑜𝑛𝑑 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-327) 

𝐴𝑎𝑐𝑢 ≥
𝑞𝑝
𝑎𝑐𝑢

𝑈𝑝
𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑝

𝑎𝑐𝑢 (C-328) 

𝐴𝑖
𝑎𝑏𝑐𝑔

≥
𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖,𝑝
𝑎𝑏𝑐𝑔 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-329) 

𝐴𝑖
𝑎𝑏𝑐𝑒 ≥

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖,𝑝

𝑎𝑏𝑐𝑒 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-330) 

𝐴𝑎𝑏𝑐𝑎 ≥
𝑞𝑝
𝑎𝑏𝑐𝑎

𝑈𝑝
𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑎 ,      𝑝 ∈ 𝑃 (C-331) 

𝐴𝑎𝑏𝑐𝑐 ≥
𝑞𝑝
𝑎𝑏𝑐𝑐

𝑈𝑝
𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑐 ,      𝑝 ∈ 𝑃 (C-332) 

𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 ≥ 𝑊𝑝𝑢𝑚𝑝𝑝, 𝑝 ∈ 𝑃 (C-333) 

𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥 ≥ 𝑊𝑡𝑢𝑟𝑏𝑝

, 𝑝 ∈ 𝑃 (C-334) 
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minTAC

=

{
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

𝐻𝑦∑(
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
)(

−𝑒𝑝𝑟𝑖𝑐𝑒𝑊𝑡𝑢𝑟𝑏,𝑝 + 𝑒𝑐𝑜𝑠𝑡𝑊𝑝𝑢𝑚𝑝,𝑝

+ ∑ 𝑐ℎ𝑢𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

+ 𝑐𝑐𝑢𝑞𝑝
𝑎𝑐𝑢)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
 
 
 

∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃 )

 
 
 
 
 

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽

𝑗∈𝐶𝑃

+ ∑(𝐴𝑖
𝑒𝑣𝑎𝑝)

𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
𝑐𝑜𝑛𝑑)

𝛽

𝑗∈𝐶𝑃

+ (𝐴𝑎𝑐𝑢)𝛽

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑔

)
𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)

𝛽

𝑖∈𝐻𝑃

+ (𝐴𝑎𝑏𝑐𝑎)𝛽 + (𝐴𝑎𝑏𝑐𝑐)𝛽

)

 
 
 
 
 

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝(𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 )

𝛽𝑝𝑢𝑚𝑝

) + 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑡𝑢𝑟𝑏(𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥)𝛽

𝑡𝑢𝑟𝑏
)}
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
(C-335) 
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C.8 MP-ST-ORC 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾}  

𝑃 = {𝑝: 𝑝 is a period of operation of the system, 𝑝 = 1,… . , 𝑁𝑂𝑃}  

𝐿𝑉 = {𝑙𝑣: 𝑙𝑣 is a storage level, 𝑙𝑣 = 1,… . , 𝑁𝑂𝐿𝑉}  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 + 𝑞𝑖,𝑝

𝑐𝑢 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝
𝑖𝑛 − 𝑇𝑖,𝑝

𝑜𝑢𝑡) ,      𝑖

∈ 𝐻𝑃, 𝑝 ∈ 𝑃  

(C-336) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝 + ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 + 𝑞𝑗,𝑝

ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛)

𝑖∈𝐻𝑃

,      𝑗

∈ 𝐶𝑃, 𝑝 ∈ 𝑃  

(C-337) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑗∈𝐶𝑃

+ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉

= 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  (C-338) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑖∈𝐻𝑃

+ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉

= 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  (C-339) 

𝑞𝑖,𝑝
𝑐𝑢 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑜𝑟𝑐−𝑇𝑖,𝑝
𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-340) 

𝑞𝑗,𝑝
ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-341) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑡𝑖,𝑝

𝑜𝑟𝑐),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃   (C-342) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝐹𝑗,𝑝(𝑡𝑗,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑗,𝑝

𝑖𝑛),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-343) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑖,𝑝  (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-344) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑗,𝑝  (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) ,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-345) 

𝑞𝑝
𝑎𝑐𝑢 = 𝑚̇𝑤𝑝

 (1 − ∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) , 𝑝 ∈ 𝑃  (C-346) 

∑ 𝑟𝑤𝑖,𝑝
𝑖∈𝐻𝑃

= 1,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-347) 
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∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

≤ 1,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  
(C-348) 

𝑇𝑖,𝑝
𝑖𝑛 = 𝑡𝑖,1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-349) 

𝑡𝑖,𝑁𝑂𝐾+1,𝑝 ≥ 𝑡𝑖,𝑝
𝑜𝑟𝑐 ≥ 𝑇𝑖,𝑝

𝑜𝑢𝑡,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-350) 

𝑇𝑗,𝑝
𝑜𝑢𝑡 ≥ 𝑡𝑗,1,𝑝,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-351) 

𝑡𝑖,𝑘,𝑝 ≥ 𝑡𝑖,𝑘+1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-352) 

𝑡𝑗,𝑘,𝑝 ≥ 𝑡𝑗,𝑘+1,𝑝 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-353) 

𝑞𝑖,𝑗,𝑘,𝑝 −  𝛺𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-354) 

𝑞𝑖,𝑝
𝑐𝑢 −  𝛺𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-355) 

𝑞𝑗,𝑝
ℎ𝑢 −  𝛺𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-356) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 −  𝛺𝑧𝑖

𝑒𝑣𝑎𝑝 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-357) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 −  𝛺𝑧𝑗

𝑐𝑜𝑛𝑑 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-358) 

𝑞𝑝
𝑎𝑐𝑢 −  𝛺𝑧𝑎𝑐𝑢 ≤ 0, 𝑝 ∈ 𝑃 (C-359) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑗,𝑘,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃 
(C-360) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑗,𝑘+1,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘

∈ 𝑆𝑇, 𝑝 ∈ 𝑃  
(C-361) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑜𝑟𝑐 − 𝑇𝑐𝑢
𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-362) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑐𝑢  ≤ 𝑇𝑖,𝑝

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-363) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗,𝑝
𝑜𝑢𝑡  +  𝛤(1 − 𝑧𝑗

ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-364) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 +  𝛤(1 − 𝑧𝑗
ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-365) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑒𝑣𝑎𝑝  ≤  𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-366) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑒𝑣𝑎𝑝  ≤ 𝑡𝑖,𝑝

𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-367) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1,𝑝 +  𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-368) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 −  𝑇𝑗,𝑝
𝑖𝑛  +  𝛤(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-369) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-370) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑖𝑛 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-371) 
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𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖,𝑝
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖,𝑝
𝑜𝑟𝑐 +

 𝑚̇𝑤𝑝
 𝑟𝑤𝑖,𝑝 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 )

𝐹𝑖,𝑝 
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡

+  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 

(C-372) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗,𝑝
𝑐𝑜𝑛𝑑

≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1,𝑝 −

𝑚̇𝑤𝑝
 𝑟𝑤𝑗,𝑝 𝑐𝑝𝑤(𝑔)  (𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 )

𝐹𝑗,𝑝 
 )

+ 𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 

(C-373) 

𝑊𝑝𝑢𝑚𝑝𝑝 = 𝑚̇𝑤𝑝
∗ 𝑤𝑝𝑢𝑚𝑝, 𝑝 ∈ 𝑃 (C-374) 

𝑊𝑡𝑢𝑟𝑏𝑝
= 𝑚̇𝑤𝑝

∗ 𝑤𝑡𝑢𝑟𝑏 , 𝑝 ∈ 𝑃 (C-375) 

𝐴𝑖,𝑗,𝑘 ≥
𝑞𝑖,𝑗,𝑘,𝑝

𝑈𝑖,𝑗,𝑘,𝑝𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝
,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-376) 

𝐴𝑖
𝑐𝑢 ≥

𝑞𝑖,𝑝
𝑐𝑢

𝑈𝑖,𝑝
𝑐𝑢𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-377) 

𝐴𝑗
ℎ𝑢 ≥

𝑞𝑗,𝑝
ℎ𝑢

𝑈𝑗,𝑝
ℎ𝑢𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-378) 

𝐴𝑖
𝑒𝑣𝑎𝑝 ≥

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

𝑈𝑖,𝑝
𝑒𝑣𝑎𝑝𝐿𝑀𝑇𝐷𝑖,𝑝

𝑒𝑣𝑎𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-379) 

𝐴𝑗
𝑐𝑜𝑛𝑑 ≥

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑

𝑈𝑗,𝑝
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗,𝑝

𝑐𝑜𝑛𝑑 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-380) 

𝐴𝑎𝑐𝑢 ≥
𝑞𝑝
𝑎𝑐𝑢

𝑈𝑝
𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑝

𝑎𝑐𝑢 (C-381) 

𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 ≥ 𝑊𝑝𝑢𝑚𝑝𝑝, 𝑝 ∈ 𝑃 (C-382) 

𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥 ≥ 𝑊𝑡𝑢𝑟𝑏𝑝

, 𝑝 ∈ 𝑃 (C-383) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐 = ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑘∈𝑆𝑇𝑖∈𝐻𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-384) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ = ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑘∈𝑆𝑇𝑗∈𝐶𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-385) 

𝑄𝑝,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-386) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-387) 
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𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
ℎ } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

ℎ } = (𝑡𝑙𝑣
𝑠𝑡ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑐) 𝑐𝑝𝑠𝑡 𝑀𝑙𝑣
𝑠𝑡ℎ , 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-388) 

𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
𝑐 } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

𝑐 } = (𝑡𝑙𝑣
𝑠𝑡ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑐) 𝑐𝑝𝑠𝑡 𝑀𝑙𝑣
𝑠𝑡𝑐 , 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-389) 

𝑀𝑙𝑣
𝑠𝑡ℎ

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡ℎ, 𝑙𝑣 ∈ 𝐿𝑉 (C-390) 

𝑀𝑙𝑣
𝑠𝑡𝑐

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡𝑐 , 𝑙𝑣 ∈ 𝐿𝑉 (C-391) 

𝑡1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡ℎ, 𝑙𝑣 ∈ 𝐿𝑉 (C-392) 

𝑡𝑁𝑂𝐾+1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡𝑁𝑂𝐾+1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡𝑐, 𝑙𝑣 ∈ 𝐿𝑉 (C-393) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜𝑐 , 𝑘 ∈ 𝑆𝑇, 𝑙𝑣 ∈ 𝐿𝑉 (C-394) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜ℎ , 𝑘 ∈ 𝑆𝑇, 𝑙𝑣 ∈ 𝐿𝑉 (C-395) 

𝑄𝑁𝑂𝑃,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

, 𝑙𝑣 ∈ 𝐿𝑉 (C-396) 

𝑄𝑁𝑂𝑃,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

, 𝑙𝑣 ∈ 𝐿𝑉 (C-397) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑝,𝑙𝑣+1

ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-398) 

𝑀𝑙𝑣
𝑠𝑡𝑐 = 𝑀𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-399) 

𝑡𝑙𝑣
𝑠𝑡𝑐 = 𝑡𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-400) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ ≤ 𝛹 𝑦𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-401) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 ≤ 𝛹 (1 − 𝑦𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
), 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-402) 

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐 −  𝛺𝑧𝑖,𝑘,𝑙𝑣

𝑠𝑡𝑜𝑐 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-403) 

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ −  𝛺𝑧𝑗,𝑘,𝑙𝑣

𝑠𝑡𝑜ℎ ≤ 0 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-404) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣

∈ 𝐿𝑉 
(C-405) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-406) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣

∈ 𝐿𝑉 
(C-407) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-408) 

𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑈𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐𝐿𝑀𝑇𝐷𝑖,𝑘,𝑝

𝑠𝑡𝑜𝑐 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-409) 
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𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑈𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ𝐿𝑀𝑇𝐷𝑖𝑗𝑘,𝑝

𝑠𝑡𝑜ℎ ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-410) 

𝑚𝑖𝑛 𝑇𝐴𝐶

=

{
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

𝐻𝑦∑(
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
)(

−𝑒𝑝𝑟𝑖𝑐𝑒𝑝𝑊𝑡𝑢𝑟𝑏𝑝
+ 𝑒𝑐𝑜𝑠𝑡𝑝𝑊𝑝𝑢𝑚𝑝𝑝

+ ∑ 𝑐ℎ𝑢𝑝𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑝𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

+ 𝑐𝑐𝑢𝑝𝑞𝑝
𝑎𝑐𝑢)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
 
 
 

∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢

∑ ∑ ∑ 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃 )

 
 
 
 
 

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽

𝑗∈𝐶𝑃

+ ∑(𝐴𝑖
𝑒𝑣𝑎𝑝)

𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
𝑐𝑜𝑛𝑑)

𝛽

𝑗∈𝐶𝑃

+ (𝐴𝑎𝑐𝑢)𝛽

∑ ∑ ∑ (𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 )

𝛽

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ (𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ )

𝛽

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃 )

 
 
 
 
 

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝(𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 )

𝛽𝑝𝑢𝑚𝑝

) + 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑡𝑢𝑟𝑏(𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥)𝛽

𝑡𝑢𝑟𝑏
)

+𝐴𝐹 ( ∑ 𝑐𝑓𝑖𝑥
𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

+ 𝑐𝑣𝑎𝑟
𝑠𝑡𝑜 ∑ (𝑉𝑙𝑣

𝑠𝑡ℎ)
𝛽𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

) + 𝐴𝐹(𝑐𝑓𝑖𝑥
𝑠𝑡𝑜 + 𝑐𝑣𝑎𝑟

𝑠𝑡𝑜(𝑉𝑁𝑂𝐿𝑉
𝑠𝑡𝑐 )𝛽

𝑠𝑡𝑜
)
}
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
(C-411) 
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C.9 MP-ST-ABC 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾}  

𝑃 = {𝑝: 𝑝 is a period of operation of the system, 𝑝 = 1,… . , 𝑁𝑂𝑃}  

𝐿𝑉 = {𝑙𝑣: 𝑙𝑣 is a storage level, 𝑙𝑣 = 1,… . , 𝑁𝑂𝐿𝑉}  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 + 𝑞𝑖,𝑝

𝑐𝑢 + 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑐

= 𝐹𝑖,𝑝(𝑇𝑖,𝑝
𝑖𝑛 − 𝑇𝑖,𝑝

𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 

(C-412) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝 + ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇

+ 𝑞𝑗,𝑝
ℎ𝑢

𝑘∈𝑆𝑇

= 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-413) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑗∈𝐶𝑃

+ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉

= 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-414) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑖∈𝐻𝑃

+ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉

= 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-415) 

𝑞𝑖,𝑝
𝑐𝑢 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
−  𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-416) 

𝑞𝑗,𝑝
ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝

𝑜𝑢𝑡 − 𝑡𝑗,1),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-417) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

= 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑃 −  𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-418) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑖,𝑝
𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-419) 

𝑇𝑖,𝑝
𝑖𝑛 = 𝑡𝑖,1 ,      𝑖 ∈ 𝐻𝑃 (C-420) 

𝑡𝑖,𝑁𝑂𝐾+1,𝑃 ≥ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

≥ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖,𝑝

𝑜𝑢𝑡 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-421) 

𝑇𝑗,𝑝
𝑜𝑢𝑡 ≥ 𝑡𝑗,1 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-422) 

𝑡𝑗,𝑁𝑂𝐾+1,𝑝 ≥ 𝑇𝑗,𝑝
𝑖𝑛 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-423) 

𝑡𝑖,𝑘,𝑝 ≥ 𝑡𝑖,𝑘+1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-424) 
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𝑡𝑗,𝑘,𝑝 ≥ 𝑡𝑗,𝑘+1,𝑝,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-425) 

𝑞𝑖,𝑗,𝑘,𝑝 −  𝛺𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-426) 

𝑞𝑖,𝑝
𝑐𝑢 −  𝛺𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-427) 

𝑞𝑗,𝑝
ℎ𝑢 −  𝛺𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-428) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

−  𝛺𝑧𝑖
𝑎𝑏𝑐𝑔

≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-429) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 −  𝛺𝑧𝑖

𝑎𝑏𝑐𝑒 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-430) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑗,𝑘,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃 
(C-431) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑗,𝑘+1,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘

∈ 𝑆𝑇, 𝑝 ∈ 𝑃 
(C-432) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
− 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-433) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-434) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗,𝑝
𝑜𝑢𝑡  +  𝛤(1 − 𝑧𝑗

ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-435) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1 +  𝛤(1 − 𝑧𝑗
ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-436) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤  𝑡𝑖,𝑁𝑂𝐾+1,𝑃 − 𝑡𝑔𝑒𝑛 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑔

),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-437) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

− 𝑡𝑔𝑒𝑛
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-438) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-439) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤  𝑇𝑖,𝑝

𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-440) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑎  ≤ 𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-441) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑎 , 𝑝 ∈ 𝑃 (C-442) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑐  ≤ 𝑇𝑔𝑒𝑛

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-443) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-444) 

𝐶𝑂𝑃 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

, 𝑝 ∈ 𝑃 (C-445) 

𝐶2𝐺 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-446) 

∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 + 𝑞𝑝

𝑎𝑏𝑐𝑎, 𝑝 ∈ 𝑃 (C-447) 

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛  (C-448) 
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𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (C-449) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2
+ 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (C-450) 

𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (C-451) 

𝐴𝑖,𝑗,𝑘 ≥
𝑞𝑖,𝑗,𝑘,𝑝

𝑈𝑖,𝑗,𝑘,𝑝𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝
,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-452) 

𝐴𝑖
𝑐𝑢 ≥

𝑞𝑖,𝑝
𝑐𝑢

𝑈𝑖,𝑝
𝑐𝑢𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-453) 

𝐴𝑗
ℎ𝑢 ≥

𝑞𝑗,𝑝
ℎ𝑢

𝑈𝑗,𝑝
ℎ𝑢𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-454) 

𝐴𝑖
𝑎𝑏𝑐𝑔

≥
𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖,𝑝
𝑎𝑏𝑐𝑔 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-455) 

𝐴𝑖
𝑎𝑏𝑐𝑒 ≥

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖,𝑝

𝑎𝑏𝑐𝑒 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-456) 

𝐴𝑎𝑏𝑐𝑎 ≥
𝑞𝑝
𝑎𝑏𝑐𝑎

𝑈𝑝
𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑎 ,      𝑝 ∈ 𝑃 (C-457) 

𝐴𝑎𝑏𝑐𝑐 ≥
𝑞𝑝
𝑎𝑏𝑐𝑐

𝑈𝑝
𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑐 ,      𝑝 ∈ 𝑃 (C-458) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐 = ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑘∈𝑆𝑇𝑖∈𝐻𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-459) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ = ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑘∈𝑆𝑇𝑗∈𝐶𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-460) 

𝑄𝑝,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-461) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-462) 

𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
ℎ } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

ℎ } = (𝑡𝑙𝑣
𝑠𝑡ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑐) 𝑐𝑝𝑠𝑡 𝑀𝑙𝑣
𝑠𝑡ℎ , 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-463) 

𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
𝑐 } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

𝑐 } = (𝑡𝑙𝑣
𝑠𝑡ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑐) 𝑐𝑝𝑠𝑡 𝑀𝑙𝑣
𝑠𝑡𝑐 , 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-464) 

𝑀𝑙𝑣
𝑠𝑡ℎ

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡ℎ, 𝑙𝑣 ∈ 𝐿𝑉 (C-465) 

𝑀𝑙𝑣
𝑠𝑡𝑐

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡𝑐 , 𝑙𝑣 ∈ 𝐿𝑉 (C-466) 
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𝑡1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡ℎ, 𝑙𝑣 ∈ 𝐿𝑉 (C-467) 

𝑡𝑁𝑂𝐾+1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡𝑁𝑂𝐾+1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡𝑐, 𝑙𝑣 ∈ 𝐿𝑉 (C-468) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜𝑐 , 𝑘 ∈ 𝑆𝑇, 𝑙𝑣 ∈ 𝐿𝑉 (C-469) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜ℎ , 𝑘 ∈ 𝑆𝑇, 𝑙𝑣 ∈ 𝐿𝑉 (C-470) 

𝑄𝑁𝑂𝑃,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

, 𝑙𝑣 ∈ 𝐿𝑉 (C-471) 

𝑄𝑁𝑂𝑃,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

, 𝑙𝑣 ∈ 𝐿𝑉 (C-472) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑝,𝑙𝑣+1

ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-473) 

𝑀𝑙𝑣
𝑠𝑡𝑐 = 𝑀𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-474) 

𝑡𝑙𝑣
𝑠𝑡𝑐 = 𝑡𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-475) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ ≤ 𝛹 𝑦𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-476) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 ≤ 𝛹 (1 − 𝑦𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
), 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-477) 

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐 −  𝛺𝑧𝑖,𝑘,𝑙𝑣

𝑠𝑡𝑜𝑐 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-478) 

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ −  𝛺𝑧𝑗,𝑘,𝑙𝑣

𝑠𝑡𝑜ℎ ≤ 0 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-479) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣

∈ 𝐿𝑉 
(C-480) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-481) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣

∈ 𝐿𝑉 
(C-482) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-483) 

𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑈𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐𝐿𝑀𝑇𝐷𝑖,𝑘,𝑝

𝑠𝑡𝑜𝑐 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-484) 

𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑈𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ𝐿𝑀𝑇𝐷𝑖𝑗𝑘,𝑝

𝑠𝑡𝑜ℎ ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-485) 
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min𝑇𝐴𝐶

=

{
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

𝐻𝑦∑(
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
)(∑ 𝑐ℎ𝑢𝑞𝑗,𝑝

ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑞𝑖,𝑝
𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
 
 
 

∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

∑ ∑ ∑ 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃 )

 
 
 
 
 

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽

𝑗∈𝐶𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑔

)
𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)

𝛽

𝑖∈𝐻𝑃

+ (𝐴𝑎𝑏𝑐𝑎)
𝛽
+ (𝐴𝑎𝑏𝑐𝑐)

𝛽

∑ ∑ ∑ (𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐

)
𝛽

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ (𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ )

𝛽

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃 )

 
 
 
 
 

+𝐴𝐹 ( ∑ 𝑐𝑓𝑖𝑥
𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

+ 𝑐𝑣𝑎𝑟
𝑠𝑡𝑜 ∑ (𝑉𝑙𝑣

𝑠𝑡ℎ)
𝛽𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

) + 𝐴𝐹(𝑐𝑓𝑖𝑥
𝑠𝑡𝑜 + 𝑐𝑣𝑎𝑟

𝑠𝑡𝑜(𝑉𝑁𝑂𝐿𝑉
𝑠𝑡𝑐 )𝛽

𝑠𝑡𝑜
)
}
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
(C-486) 
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C.10 MP-ST-WHR 

- Sets 

𝐻𝑃 = {𝑖: 𝑖 is a hot process stream}  

𝐶𝑃 = {𝑗: 𝑗 is a cold process stream}  

𝑆𝑇 = {𝑘: 𝑘 is a stage of the superstructure, 𝑘 = 1, … . , 𝑁𝑂𝐾}  

𝑃 = {𝑝: 𝑝 is a period of operation of the system, 𝑝 = 1,… . , 𝑁𝑂𝑃}  

𝐿𝑉 = {𝑙𝑣: 𝑙𝑣 𝑖𝑠 𝑎 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑙𝑒𝑣𝑒𝑙, 𝑙𝑣 = 1,… . , 𝑁𝑂𝐿𝑉}  

 

- Equations 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑗∈𝐶𝑃

+ 𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 + 𝑞𝑖,𝑝

𝑎𝑏𝑐𝑔
+ 𝑞𝑖,𝑝

𝑐𝑢 + 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 = 𝐹𝑖,𝑝(𝑇𝑖,𝑝

𝑖𝑛 − 𝑇𝑖,𝑝
𝑜𝑢𝑡),      𝑖 ∈ 𝐻𝑃, 𝑝

∈ 𝑃  

(C-487) 

∑ ∑ 𝑞𝑖,𝑗,𝑘,𝑝
𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ 𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 + 𝑞𝑗,𝑝

ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝
𝑜𝑢𝑡 − 𝑇𝑗,𝑝

𝑖𝑛),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-488) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝 = 𝐹𝑖,𝑝(𝑡𝑖,𝑘,𝑝 − 𝑡𝑖,𝑘+1,𝑝)

𝑗∈𝐶𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  
(C-489) 

∑ 𝑞𝑖,𝑗,𝑘,𝑝 = 𝐹𝑗,𝑝(𝑡𝑗,𝑘,𝑝 − 𝑡𝑗,𝑘+1,𝑝)

𝑖∈𝐻𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃  (C-490) 

𝑞𝑖,𝑝
𝑐𝑢 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
−𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-491) 

𝑞𝑗,𝑝
ℎ𝑢 = 𝐹𝑗,𝑝(𝑇𝑗,𝑝

𝑜𝑢𝑡 − 𝑡𝑗,1,𝑝),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-492) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑡𝑖,𝑝

𝑜𝑟𝑐),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃   (C-493) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝐹𝑗,𝑝(𝑡𝑗,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑗,𝑝

𝑖𝑛),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃   (C-494) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑖,𝑝  (𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝
𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝

𝑖𝑛 ) + 𝜆𝑒𝑣𝑎𝑝) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-495) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 = 𝑚̇𝑤𝑝

 𝑟𝑤𝑗,𝑝  (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) ,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-496) 

𝑞𝑝
𝑎𝑐𝑢 = 𝑚̇𝑤𝑝

 (1 − ∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

) (𝑐𝑝𝑤(𝑔)(𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 ) + 𝜆𝑐𝑜𝑛𝑑) , 𝑝 ∈ 𝑃  (C-497) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

= 𝐹𝑖,𝑝(𝑡𝑖,𝑁𝑂𝐾+1,𝑃 −  𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-498) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 = 𝐹𝑖,𝑝(𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑖,𝑝
𝑜𝑢𝑡) ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-499) 
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∑ 𝑟𝑤𝑖,𝑝
𝑖∈𝐻𝑃

= 1,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-500) 

∑ 𝑟𝑤𝑗,𝑝
𝑗∈𝐶𝑃

≤ 1,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  
(C-501) 

𝑇𝑖,𝑝
𝑖𝑛 = 𝑡𝑖,1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-502) 

𝑡𝑖,𝑁𝑂𝐾+1,𝑝 ≥ 𝑡𝑖,𝑝
𝑜𝑟𝑐 ≥ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
≥ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 ≥ 𝑇𝑖,𝑝
𝑜𝑢𝑡,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃  (C-503) 

𝑇𝑗,𝑝
𝑜𝑢𝑡 ≥ 𝑡𝑗,1,𝑝,       𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃  (C-504) 

𝑡𝑖,𝑘,𝑝 ≥ 𝑡𝑖,𝑘+1,𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-505) 

𝑡𝑗,𝑘,𝑝 ≥ 𝑡𝑗,𝑘+1,𝑝 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-506) 

𝑞𝑖,𝑗,𝑘,𝑝 −  𝛺𝑧𝑖,𝑗,𝑘 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-507) 

𝑞𝑖,𝑝
𝑐𝑢 −  𝛺𝑧𝑖

𝑐𝑢 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-508) 

𝑞𝑗,𝑝
ℎ𝑢 −  𝛺𝑧𝑗

ℎ𝑢 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-509) 

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝 −  𝛺𝑧𝑖

𝑒𝑣𝑎𝑝 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-510) 

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑 −  𝛺𝑧𝑗

𝑐𝑜𝑛𝑑 ≤ 0 ,      𝑗 ∈ 𝐶𝑃 , 𝑝 ∈ 𝑃 (C-511) 

𝑞𝑝
𝑎𝑐𝑢 −  𝛺𝑧𝑎𝑐𝑢 ≤ 0, 𝑝 ∈ 𝑃 (C-512) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

−  𝛺𝑧𝑖
𝑎𝑏𝑐𝑔

≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-513) 

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒 −  𝛺𝑧𝑖

𝑎𝑏𝑐𝑒 ≤ 0 ,      𝑖 ∈ 𝐻𝑃 , 𝑝 ∈ 𝑃 (C-514) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑗,𝑘,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃 
(C-515) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑗,𝑘,𝑝  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑗,𝑘+1,𝑝 +  𝛤(1 − 𝑧𝑖,𝑗,𝑘),      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘

∈ 𝑆𝑇, 𝑝 ∈ 𝑃  
(C-516) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑔
− 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-517) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑐𝑢  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑐𝑢
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑐𝑢),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-518) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑖𝑛 −  𝑇𝑗,𝑝
𝑜𝑢𝑡  +  𝛤(1 − 𝑧𝑗

ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-519) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
ℎ𝑢  ≤ 𝑇ℎ𝑢

𝑜𝑢𝑡 −  𝑡𝑗,1,𝑝 +  𝛤(1 − 𝑧𝑗
ℎ𝑢),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-520) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑒𝑣𝑎𝑝  ≤  𝑡𝑖,𝑁𝑂𝐾+1,𝑝 − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-521) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑒𝑣𝑎𝑝  ≤ 𝑡𝑖,𝑝

𝑜𝑟𝑐 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-522) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 −  𝑡𝑗,𝑁𝑂𝐾+1,𝑝 +  𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-523) 
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𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑝
𝑐𝑜𝑛𝑑  ≤ 𝑇𝑐𝑜𝑛𝑑

𝑜𝑢𝑡 −  𝑇𝑗,𝑝
𝑖𝑛  +  𝛤(1 − 𝑧𝑗

𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-524) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑖𝑛 − 𝑇𝑐𝑢

𝑜𝑢𝑡 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-525) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑎𝑐𝑢 ≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − 𝑇𝑐𝑢

𝑖𝑛 +  𝛤(1 − 𝑧𝑎𝑐𝑢) (C-526) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤  𝑡𝑖,𝑝
𝑜𝑟𝑐 − 𝑡𝑔𝑒𝑛 +  𝛤(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-527) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑔

 ≤ 𝑡𝑖,𝑝
𝑎𝑏𝑐𝑔

− 𝑡𝑔𝑒𝑛
𝑖𝑛 +  𝛤(1 − 𝑧𝑖

𝑎𝑏𝑐𝑔
),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-528) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤ 𝑡𝑖,𝑝

𝑎𝑏𝑐𝑒 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-529) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑝
𝑎𝑏𝑐𝑒  ≤  𝑇𝑖,𝑝

𝑜𝑢𝑡 − 𝑇𝑟𝑒𝑓 +  𝛤(1 − 𝑧𝑖
𝑎𝑏𝑐𝑒),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-530) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑎  ≤ 𝑡𝑎𝑏𝑠

𝑖𝑛 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-531) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑎 , 𝑝 ∈ 𝑃 (C-532) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑝
𝑎𝑏𝑐𝑐  ≤ 𝑇𝑔𝑒𝑛

𝑜𝑢𝑡 − 𝑇𝑐𝑢
𝑜𝑢𝑡, 𝑝 ∈ 𝑃 (C-533) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-534) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑖,𝑝
𝑒𝑣𝑎𝑝

≤ (𝑡𝑖,𝑝
𝑜𝑟𝑐 +

 𝑚̇𝑤𝑝
 𝑟𝑤𝑖,𝑝 𝑐𝑝𝑤(𝑙)(𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡 − 𝑇𝑒𝑣𝑎𝑝
𝑖𝑛 )

𝐹𝑖,𝑝 
 ) − 𝑇𝑒𝑣𝑎𝑝

𝑜𝑢𝑡

+  𝛤(1 − 𝑧𝑖
𝑒𝑣𝑎𝑝),      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 

(C-535) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡3𝑗,𝑝
𝑐𝑜𝑛𝑑

≤ 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 − ( 𝑡𝑗,𝑁𝑂𝐾+1,𝑝 −

𝑚̇𝑤𝑝
 𝑟𝑤𝑗,𝑝 𝑐𝑝𝑤(𝑔)  (𝑇𝑐𝑜𝑛𝑑

𝑖𝑛 − 𝑇𝑐𝑜𝑛𝑑
𝑜𝑢𝑡 )

𝐹𝑗,𝑝 
 )

+ 𝛤(1 − 𝑧𝑗
𝑐𝑜𝑛𝑑),      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 

(C-536) 

𝑊𝑝𝑢𝑚𝑝𝑝 = 𝑚̇𝑤𝑝
∗ 𝑤𝑝𝑢𝑚𝑝, 𝑝 ∈ 𝑃 (C-537) 

𝑊𝑡𝑢𝑟𝑏𝑝
= 𝑚̇𝑤𝑝

∗ 𝑤𝑡𝑢𝑟𝑏 , 𝑝 ∈ 𝑃 (C-538) 

𝐶𝑂𝑃 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

, 𝑝 ∈ 𝑃 (C-539) 

𝐶2𝐺 ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 , 𝑝 ∈ 𝑃 (C-540) 

∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

= 𝑞𝑝
𝑎𝑏𝑐𝑐 + 𝑞𝑝

𝑎𝑏𝑐𝑎, 𝑝 ∈ 𝑃 (C-541) 

𝐶𝑂𝑃 = 𝐶1 𝑒
𝐶2 𝑡𝑔𝑒𝑛 + 𝐶3 𝑒

𝐶4 𝑡𝑔𝑒𝑛  (C-542) 

𝐶2𝐺 = 𝐶5 𝐶𝑂𝑃 + 𝐶6 (C-543) 

𝑡𝑔𝑒𝑛
𝑖𝑛 = 𝐶7(𝑡𝑔𝑒𝑛)

2
+ 𝐶8 𝑡𝑔𝑒𝑛 + 𝐶9 (C-544) 
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𝑡𝑎𝑏𝑠
𝑖𝑛 = 𝐶10 𝑡𝑔𝑒𝑛 + 𝐶11 (C-545) 

𝐴𝑖,𝑗,𝑘 ≥
𝑞𝑖,𝑗,𝑘,𝑝

𝑈𝑖,𝑗,𝑘,𝑝𝐿𝑀𝑇𝐷𝑖,𝑗,𝑘,𝑝
,      𝑖 ∈ 𝐻𝑃, 𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃 (C-546) 

𝐴𝑖
𝑐𝑢 ≥

𝑞𝑖,𝑝
𝑐𝑢

𝑈𝑖,𝑝
𝑐𝑢𝐿𝑀𝑇𝐷𝑖,𝑝

𝑐𝑢 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-547) 

𝐴𝑗
ℎ𝑢 ≥

𝑞𝑗,𝑝
ℎ𝑢

𝑈𝑗,𝑝
ℎ𝑢𝐿𝑀𝑇𝐷𝑗,𝑝

ℎ𝑢 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-548) 

𝐴𝑖
𝑒𝑣𝑎𝑝 ≥

𝑞𝑖,𝑝
𝑒𝑣𝑎𝑝

𝑈𝑖,𝑝
𝑒𝑣𝑎𝑝𝐿𝑀𝑇𝐷𝑖,𝑝

𝑒𝑣𝑎𝑝 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-549) 

𝐴𝑗
𝑐𝑜𝑛𝑑 ≥

𝑞𝑗,𝑝
𝑐𝑜𝑛𝑑

𝑈𝑗,𝑝
𝑐𝑜𝑛𝑑𝐿𝑀𝑇𝐷𝑗,𝑝

𝑐𝑜𝑛𝑑 ,      𝑗 ∈ 𝐶𝑃, 𝑝 ∈ 𝑃 (C-550) 

𝐴𝑎𝑐𝑢 ≥
𝑞𝑝
𝑎𝑐𝑢

𝑈𝑝
𝑎𝑐𝑢𝐿𝑀𝑇𝐷𝑝

𝑎𝑐𝑢 (C-551) 

𝐴𝑖
𝑎𝑏𝑐𝑔

≥
𝑞𝑖,𝑝
𝑎𝑏𝑐𝑔

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑔

𝐿𝑀𝑇𝐷𝑖,𝑝
𝑎𝑏𝑐𝑔 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-552) 

𝐴𝑖
𝑎𝑏𝑐𝑒 ≥

𝑞𝑖,𝑝
𝑎𝑏𝑐𝑒

𝑈𝑖,𝑝
𝑎𝑏𝑐𝑒𝐿𝑀𝑇𝐷𝑖,𝑝

𝑎𝑏𝑐𝑒 ,      𝑖 ∈ 𝐻𝑃, 𝑝 ∈ 𝑃 (C-553) 

𝐴𝑎𝑏𝑐𝑎 ≥
𝑞𝑝
𝑎𝑏𝑐𝑎

𝑈𝑝
𝑎𝑏𝑐𝑎𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑎 ,      𝑝 ∈ 𝑃 (C-554) 

𝐴𝑎𝑏𝑐𝑐 ≥
𝑞𝑝
𝑎𝑏𝑐𝑐

𝑈𝑝
𝑎𝑏𝑐𝑐𝐿𝑀𝑇𝐷𝑝

𝑎𝑏𝑐𝑐 ,      𝑝 ∈ 𝑃 (C-555) 

𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 ≥ 𝑊𝑝𝑢𝑚𝑝𝑝, 𝑝 ∈ 𝑃 (C-556) 

𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥 ≥ 𝑊𝑡𝑢𝑟𝑏𝑝

, 𝑝 ∈ 𝑃 (C-557) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐 = ∑ ∑ 𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑘∈𝑆𝑇𝑖∈𝐻𝑃

,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-558) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 = 𝑞𝑝,𝑙𝑣

𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ = ∑ ∑ 𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑘∈𝑆𝑇𝑗∈𝐶𝑃

,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-559) 

𝑄𝑝,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟ℎ

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-560) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

+∑𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

𝐷𝑂𝑃𝑝 −∑𝑞𝑝,𝑙𝑣
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑐

𝑝

𝑝=1

 𝐷𝑂𝑃𝑝, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-561) 
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𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
ℎ } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

ℎ } = (𝑡𝑙𝑣
𝑠𝑡ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑐) 𝑐𝑝𝑠𝑡 𝑀𝑙𝑣
𝑠𝑡ℎ , 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-562) 

𝑚𝑎𝑥{𝑄𝑝,𝑙𝑣
𝑐 } − 𝑚𝑖𝑛{𝑄𝑝,𝑙𝑣

𝑐 } = (𝑡𝑙𝑣
𝑠𝑡ℎ − 𝑡𝑙𝑣

𝑠𝑡𝑐) 𝑐𝑝𝑠𝑡 𝑀𝑙𝑣
𝑠𝑡𝑐 , 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-563) 

𝑀𝑙𝑣
𝑠𝑡ℎ

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡ℎ, 𝑙𝑣 ∈ 𝐿𝑉 (C-564) 

𝑀𝑙𝑣
𝑠𝑡𝑐

𝜌𝑠𝑡
= 𝑉𝑙𝑣

𝑠𝑡𝑐 , 𝑙𝑣 ∈ 𝐿𝑉 (C-565) 

𝑡1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡ℎ, 𝑙𝑣 ∈ 𝐿𝑉 (C-566) 

𝑡𝑁𝑂𝐾+1,𝑙𝑣
𝑠𝑡𝑜𝑐 = 𝑡𝑁𝑂𝐾+1,𝑙𝑣

𝑠𝑡𝑜ℎ = 𝑡𝑙𝑣
𝑠𝑡𝑐, 𝑙𝑣 ∈ 𝐿𝑉 (C-567) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜𝑐 , 𝑘 ∈ 𝑆𝑇, 𝑙𝑣 ∈ 𝐿𝑉 (C-568) 

𝑡𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥ 𝑡𝑘+1,𝑙𝑣

𝑠𝑡𝑜ℎ , 𝑘 ∈ 𝑆𝑇, 𝑙𝑣 ∈ 𝐿𝑉 (C-569) 

𝑄𝑁𝑂𝑃,𝑙𝑣
ℎ = 𝑄𝑙𝑣

ℎ
𝑠𝑡𝑎𝑟𝑡

, 𝑙𝑣 ∈ 𝐿𝑉 (C-570) 

𝑄𝑁𝑂𝑃,𝑙𝑣
𝑐 = 𝑄𝑙𝑣

𝑐
𝑠𝑡𝑎𝑟𝑡

, 𝑙𝑣 ∈ 𝐿𝑉 (C-571) 

𝑄𝑝,𝑙𝑣
𝑐 = 𝑄𝑝,𝑙𝑣+1

ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-572) 

𝑀𝑙𝑣
𝑠𝑡𝑐 = 𝑀𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-573) 

𝑡𝑙𝑣
𝑠𝑡𝑐 = 𝑡𝑙𝑣+1

𝑠𝑡ℎ , ∀ 𝑙𝑣 < 𝑁𝑂𝐿𝑉 (C-574) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟ℎ ≤ 𝛹 𝑦𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-575) 

𝑞𝑝,𝑙𝑣
𝑐ℎ𝑎𝑟𝑐 ≤ 𝛹 (1 − 𝑦𝑙𝑣

𝑐ℎ𝑎𝑟𝑔𝑒
), 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-576) 

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐 −  𝛺𝑧𝑖,𝑘,𝑙𝑣

𝑠𝑡𝑜𝑐 ≤ 0 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-577) 

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ −  𝛺𝑧𝑗,𝑘,𝑙𝑣

𝑠𝑡𝑜ℎ ≤ 0 ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-578) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣

∈ 𝐿𝑉 
(C-579) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐  ≤  𝑡𝑖,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜𝑐 +  𝛤(1 − 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ),      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-580) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡1𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘,𝑝 − 𝑡𝑘,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣

∈ 𝐿𝑉 
(C-581) 

𝛥𝑇𝑚𝑖𝑛 ≤ 𝑑𝑡2𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ  ≤  𝑡𝑗,𝑘+1,𝑝 − 𝑡𝑘+1,𝑝,𝑙𝑣

𝑠𝑡𝑜ℎ +  𝛤(1 − 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ),      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝

∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 
(C-582) 

𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 ≥

𝑞𝑖,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑈𝑖,𝑘,𝑝
𝑠𝑡𝑜𝑐𝐿𝑀𝑇𝐷𝑖,𝑘,𝑝

𝑠𝑡𝑜𝑐 ,      𝑖 ∈ 𝐻𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-583) 
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𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ ≥

𝑞𝑗,𝑘,𝑝,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑈𝑗,𝑘,𝑝
𝑠𝑡𝑜ℎ𝐿𝑀𝑇𝐷𝑖𝑗𝑘,𝑝

𝑠𝑡𝑜ℎ ,      𝑗 ∈ 𝐶𝑃, 𝑘 ∈ 𝑆𝑇, 𝑝 ∈ 𝑃, 𝑙𝑣 ∈ 𝐿𝑉 (C-584) 

minTAC

=

{
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

𝐻𝑦∑(
𝐷𝑂𝑃𝑝

∑ 𝐷𝑂𝑃𝑝𝑝∈𝑃
)(

−𝑒𝑝𝑟𝑖𝑐𝑒𝑊𝑡𝑢𝑟𝑏,𝑝 + 𝑒𝑐𝑜𝑠𝑡𝑊𝑝𝑢𝑚𝑝,𝑝

+ ∑ 𝑐ℎ𝑢𝑞𝑗,𝑝
ℎ𝑢 + ∑ 𝑐𝑐𝑢𝑞𝑖,𝑝

𝑐𝑢

𝑖∈𝐻𝑃𝑗∈𝐶𝑃

+ 𝑐𝑐𝑢𝑞𝑝
𝑎𝑐𝑢)

𝑝∈𝑃

+𝐴𝐹 𝑐𝑓𝑖𝑥
𝐻𝐸𝑁

(

 
 
 
 
 
 
 

∑ ∑ ∑ 𝑧𝑖,𝑗,𝑘
𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑐𝑢

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
ℎ𝑢

𝑗∈𝐶𝑃

+ ∑ 𝑧𝑖
𝑒𝑣𝑎𝑝

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑗
𝑐𝑜𝑛𝑑

𝑗∈𝐶𝑃

+ 𝑧𝑎𝑐𝑢

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑔

𝑖∈𝐻𝑃

+ ∑ 𝑧𝑖
𝑎𝑏𝑐𝑒

𝑖∈𝐻𝑃

∑ ∑ ∑ 𝑧𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ 𝑧𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃 )

 
 
 
 
 
 
 

+𝐴𝐹 𝑐𝑣𝑎𝑟
𝐻𝐸𝑁

(

 
 
 
 
 
 
 

∑ ∑ ∑(𝐴𝑖,𝑗,𝑘)
𝛽

𝑘∈𝑆𝑇𝑗∈𝐶𝑃𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑐𝑢)𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
ℎ𝑢)

𝛽

𝑗∈𝐶𝑃

+ ∑(𝐴𝑖
𝑒𝑣𝑎𝑝)

𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑗
𝑐𝑜𝑛𝑑)

𝛽

𝑗∈𝐶𝑃

+ (𝐴𝑎𝑐𝑢)𝛽

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑔

)
𝛽

𝑖∈𝐻𝑃

+ ∑(𝐴𝑖
𝑎𝑏𝑐𝑒)

𝛽

𝑖∈𝐻𝑃

+ (𝐴𝑎𝑏𝑐𝑎)𝛽 + (𝐴𝑎𝑏𝑐𝑐)𝛽

∑ ∑ ∑ (𝐴𝑖,𝑘,𝑙𝑣
𝑠𝑡𝑜𝑐 )

𝛽

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑖∈𝐻𝑃

+ ∑ ∑ ∑ (𝐴𝑗,𝑘,𝑙𝑣
𝑠𝑡𝑜ℎ )

𝛽

𝑙𝑣∈𝐿𝑉𝑘∈𝑆𝑇𝑗∈𝐶𝑃 )

 
 
 
 
 
 
 

+𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑝𝑢𝑚𝑝(𝑊𝑝𝑢𝑚𝑝
𝑚𝑎𝑥 )

𝛽𝑝𝑢𝑚𝑝

) + 𝐴𝐹 (𝑐𝑓𝑖𝑥
𝑝𝑢𝑚𝑝 + 𝑐𝑣𝑎𝑟

𝑡𝑢𝑟𝑏(𝑊𝑡𝑢𝑟𝑏
𝑚𝑎𝑥)𝛽

𝑡𝑢𝑟𝑏
)

+𝐴𝐹 ( ∑ 𝑐𝑓𝑖𝑥
𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

+ 𝑐𝑣𝑎𝑟
𝑠𝑡𝑜 ∑ (𝑉𝑙𝑣

𝑠𝑡ℎ)
𝛽𝑠𝑡𝑜

𝑙𝑣∈𝐿𝑉

) + 𝐴𝐹(𝑐𝑓𝑖𝑥
𝑠𝑡𝑜 + 𝑐𝑣𝑎𝑟

𝑠𝑡𝑜(𝑉𝑁𝑂𝐿𝑉
𝑠𝑡𝑐 )𝛽

𝑠𝑡𝑜
)
}
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
(C-585) 
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D.1 HEN1 

138 °C

135 °C
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Figure D-1. Grid diagram HEN1 for Case Study 1 

Source: Own diagram 

Table D-1. Heat exchanger information for HEN1 in Case Study 1 

Type of Heat Exchanger Match Area (m²) Heat Exchanger Duty (kW) 

Intra-Process (i,j,k) 1,1,2 29.1 417.8  
1,4,2 102.8 1049.0  
2,4,3 176.4 1678.0  
4,3,3 59.1 884.0  
5,1,3 22.0 516.0  
8,1,3 36.8 319.0 

Hot Utility (j) 1 3.6 220.4 
 2 114.3 3999.0 
 5 59.5 3302.0 

Cold Utility (i) 1 17.0 1066.2 
 3 50.1 1468.0 
 4 6.5 85.0 
 6 40.4 1655.0 
 7 39.9 835.0 

Source: Own table 
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Figure D-2. Grid diagram HEN2 for Case Study 1Source: Own diagram 

Table D-2. Heat exchanger information for HEN2 in Case Study 1 

Type of Heat Exchanger Match Area (m²) Heat Exchanger Duty (kW) 

Intra-Process (i,j,k) 1,1,1 14.2 133.1  
1,3,1 10.2 240.2  
1,4,1 212.4 2159.6  
2,4,1 60.2 567.4  
4,1,2 43.2 401.6  
4,1,3 71.0 567.4 

 7,1,3 19.4 150.7 

 7,3,3 82.8 643.8 

Hot Utility (j) 1 3.6 220.4 
 2 114.3 3999.0 
 5 59.5 3302.0 

Cold Utility (i) 2 21.3 1110.6 
 3 108.7 1282.2 
 5 13.4 516.0 
 6 53.5 1655.0 
 8 21.8 256.8 

VCR (i) 3 - 185.8 

 7 - 40.6 

 8 - 62.2 

Source: Own table 
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D.3 HEN-ORC 
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Figure D-3. Grid diagram HEN-ORC for Case Study 1 

Source: Own diagram 

Table D-3. Heat exchanger information for HEN-ORC in Case Study 1 

Type of Heat Exchanger Match Area (m²) Heat Exchanger Duty (kW) 

Intra-Process (i,j,k) 1,1,1 32.9 533.6  
2,3,1 8.3 177.4  
1,4,2 202.7 1999.4  
8,3,2 6.5 61.8  
2,4,3 74.6 727.6  
6,1,3 38.3 719  
6,3,3 34.3 644.8 

Hot Utility (j) 1 3.6 220.4 
 2 114.3 3999 
 5 59.5 3302 

Cold Utility (i) 3 35.2 759.1 
 4 23.4 504.8 
 6 7.1 291 
 7 39.8 835 
 8 11.8 257.2 
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Table D-3.(Continued) Heat exchanger information for HEN-ORC in Case Study 1 

Type of Heat Exchanger Match Area (m²) Heat Exchanger Duty (kW) 

ORC Evaporator (i) 2 20.6 733 
 3 26.1 708.9 
 4 17.2 464.2 
 5 23.1 516 

ORC Cold Utility  221.7 2177.2 

Source: Own table 
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Figure D-4. Grid diagram HEN-ABC for Case Study 1 

Source: Own diagram 
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Table D-4. Heat exchanger information for HEN-ABC in Case Study 1 

Type of Heat Exchanger Match Area (m²) Heat Exchanger Duty (kW) 

Intra-Process (i,j,k) 1,1,1 41.9 848.0 
 2,4,1 183.8 1678.0 
 4,3,1 35.8 565.0 
 4,1,2 39.1 404.0 
 1,4,3 100.7 1049.0 
 8,3,3 19.5 139.0 

Hot Utility (j) 1 3.6 220.4 
 2 114.3 3999.0 
 5 59.5 3302.0 

Cold Utility (i) 1 12.1 635.2 
 3 42.6 730.6 
 5 13.4 516.0 
 6 53.4 1655.0 
 7 37.2 612.9 

ABC- Generator (i) 3 39.3 551.6 

ABC-Evaporator (i) 3 13.3 185.8 
 7 17.4 222.1 

ABC-Condenser  28.1 432.7 

ABC-Absorber  48.2 526.9 

Source: Own table 
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Figure D-5. Grid diagram HEN1 for Case Study 2 

Source: Own diagram 
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Table D-5. Heat exchanger information for HEN1 in Case Study 2 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 

Intra-Process (i,j,k) 3,3,1 27.1 0 565.0 0  
1,1,2 50.6 1252.8 1252.8 1252.8  
1,4,2 105.0 0 1075.6 0  
2,4,2 177.0 0 1651.4 0  
8,3,3 19.5 0 319.0 0 

Hot Utility (j) 1 3.6 220.4 220.4 220.4 
 2 114.2 3999 3999 3999 
 5 59.5 0 3302 0 

Cold Utility (i) 1 19.6 1280.2 204.6 1280.2 
 2 25.9 1678.0 26.6 1678.0 
 3 45.2 1468.0 903.0 1468.0 
 4 29.9 969.0 969.0 969.0 
 5 10.1 0 516.0 0 

 6 38.1 0 1655.0 0 

 7 34.9 0 835.0 0 

Source: Own table 
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Figure D-6. Grid diagram HEN2 for Case Study 2 

Source: Own diagram 
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Table D-6. Heat exchanger information for HEN2 in Case Study 2 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 

Intra-Process (i,j,k) 1,1,1 22.6 283.8 133.1 283.0  
1,4,1 212.8 0 2159.6 0  
1,3,2 10.6 0 240.4 0  
2,4,2 57.7 0 567.4 0  
4,1,2 43.1 436.4 401.6 323.6 

 4,1,3 71.0 532.6 567.4 645.4 

 7,1,3 19.4 0 150.7 0 

 7,3,3 82.8 0 643.8 0 

Hot Utility (j) 1 3.6 220.4 220.4 220.4 
 2 114.2 3999 3999 3999 
 5 59.5 0 3302 0 

Cold Utility (i) 1 42.4 2249.2 0 2249.2 
 2 32.1 1678.0 1110.6 1678.0 
 3 56.4 1282.2 1282.2 1282.2 
 5 13.4 0 516.0 0 
 6 53.4 0 1655.0 0 

 8 13.7 0 256.8 0 

VCR(i) 3 - 185.8 185.8 185.8 

 7 - 0 40.6 0 

 8 - 0 62.2 0 

Source: Own table 
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Figure D-7. Grid diagram MP-ORC for Case Study 2 

Source: Own diagram 
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Table D-7. Heat exchanger information for MP-ORC in Case Study 2 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 

Intra-Process (i,j,k) 1,1,1 22.59 283.8 132.93 283.8 
 2,3,1 8.26   177.39   
 4,1,2 43.06 629.64 400.67 629.64 
 8,3,2 6.46 0 61.81 0 
 1,4,3 236.96 0 2400.07 0 
 2,4,3 34.7 0 326.93 0 
 4,1,3 33.76 339.36 398 339.36 
 6,1,3 17.1 0 321.2 0 
 6,3,3 34.32 0 644.8 0 

Hot Utility (j) 1 3.61 220.4 220.4 220.4 
 2 114.27 3999 3999 3999 
 5 59.5 0 3302 0 

Cold Utility (i) 3 37.77 858.49 858.49 858.49 
 4 11.32 0 170.33 0 
 6 16.82 0 389 0 
 7 39.85 0 835 0 
 8 11.76 0 257.19 0 

ORC Evaporator (i) 1 61.54 2249.2 0 2249.2 
 2 47.19 1678 1173.68 1678 
 3 22.57 609.52 609.52 609.52 
 5 26.25 0 516 0 

ORC Cold Utility  336.97 3978.66 2016.38 3978.66 

Source: Own table 

 

Table D-8. Turbine and pump information for MP-ORC in Case Study 2 

  Duty (kW) 

Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3 

Turbine 570.41 570.41 289.02 570.41 

Pump 12.26 12.26 6.21 12.26 

Source: Own table 
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Figure D-8. Grid diagram MP-ABC for Case Study 2 

Source: Own diagram 

Table D-9. Heat exchanger information for MP-ABC in Case Study 2 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 

Intra-Process (i,j,k) 1,1,1 22.59 283.8 283.8 283.8 
 2,4,1 176.37 0 1609.59 0 
 3,3,1 27.12 0 565 0 
 1,4,2 103.99 0 1117.41 0 
 4,1,3 76.85 969 969 969 
 8,3,3 19.5 0 319 0 

Hot Utility (j) 1 3.61 220.4 220.4 220.4 
 2 114.27 3999 3999 3999 
 5 59.5 0 3302 0 

Cold Utility (i) 1 42.38 2249.2 1131.79 2249.2 
 2 27 1411.81 0 1411.81 
 3 56.4 1282.18 717.18 1282.18 
 6 53.43 0 1655 0 
 7 47.27 0 612.87 0 

Table D-9. (Continued) Heat exchanger information for MP-ABC in Case Study 2 
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   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 

ABC- Generator (i) 2 10.44 266.19 68.41 266.19 
 5 46.08 0 516 0 

ABC-Evaporator (i) 3 13.28 185.82 185.82 185.82 
 7 17.38 0 222.14 0 

ACB-Condenser  28.09 197.08 432.68 197.08 

ABC-Absorber  52.62 254.93 559.7 254.93 

Source: Own table 
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Figure D-9. Grid diagram HEN1 for Case Study 3 

Source: Own diagram 

Table D-10. Heat exchanger information for HEN1 in Case Study 3 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 Period 4 

Intra-Process (i,j,k) 1,1,1 19.8 180.0 240.0 148.7 0.0 
 2,1,1 24.3 300.0 240.0 281.2 0.0 
 1,2,3 16.2 0.0 200.0 0.0 0.0 
 2,2,3 24.5 0.0 215.0 0.0 0.0 
 3,1,3 3.3 0.0 0.0 50.1 0.0 

Cold Utility (i) 1 1.8 51.3 0.0 54.7 12.1 
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Table D-10.(Continued) Heat exchanger information for HEN1 in Case Study 3 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 Period 4 
 2 11.0 210.0 55.0 228.8 0.0 

Hot Streams to Cold Storage (i,k,lv) 1,1,1 45.4 140.0 0.0 146.3 320.0 
 1,2,1 10.4 68.7 0.0 90.3 107.9 

Cold Streams to Hot Storage (j,k,lv) 2,1,1 42.8 0.0 350.0 0.0 0.0 
 2,3,1 52.6 0.0 485.0 0.0 0.0 

Source: Own table 
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Figure D-10. Grid diagram HEN2 for Case Study 3 

Source: Own diagram 

Table D-11. Heat exchanger information for HEN2 in Case Study 3 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 Period 4 

Intra-Process (i,j,k) 1,1,1 35.2 180.0 320.0 278.6 0.0 
 2,1,1 24.3 300.0 135.0 151.3 0.0 
 2,2,2 47.8 0.0 345.0 0.0 0.0 
 3,1,3 5.0 0.0 0.0 50.1 0.0 

Cold Utility (i) 1 6.0 0.0 120.0 26.3 0.0 
 2 13.5 180.0 0.0 198.8 0.0 

Hot Streams to Cold Storage (i,k,lv) 1,1,1 32.4 140.0 0.0 0.0 320.0 
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Table D-11.(Continued). Heat exchanger information for HEN2 in Case Study 3 

 1,3,1 27.0 120.0 0.0 135.1 120.0 

 2,1,1 18.0 0.0 0.0 129.9 0.0 

Cold Streams to Hot Storage (j,k,lv) 1,1,1 1.9 0.0 25.0 0.0 0.0 
 2,2,1 168.6 0.0 905.0 0.0 0.0 

VCR(i) 2 - 30.0 30.0 30.0 0.0 

Source: Own table 
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Figure D-11. Grid diagram MP-ST-ORC for Case Study 3 

Source: Own diagram 

Table D-12. Heat exchanger information for MP-ST-ORC in Case Study 3 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 Period 4 

Intra-Process (i,j,k) 1,1,1 19.8 180.0 100.0 117.4 0.0 
 2,1,1 24.3 300.0 122.0 262.4 0.0 
 3,1,2 4.2 0.0 0.0 50.1 0.0 
 1,1,3 21.2 0.0 220.0 50.1 0.0 
 2,2,3 64.5 0.0 399.0 0.0 0.0 

Cold Utility (i) 1 0.5 13.3 13.3 13.3 13.3 
 2 7.0 99.1 0.0 72.5 0.0 

Hot Streams to Cold Storage (i,k,lv) 1,1,1 25.4 140.0 0.0 152.5 320.0 
 2,2,1 21.8 110.9 0.0 175.0 0.0 

Cold Streams to Hot Storage (j,k,lv) 1,2,1 1.8 0.0 38.0 0.0 0.0 
 2,3,1 139.9 0.0 862.0 0.0 0.0 

ORC-Evaporator (i) 1 5.9 106.7 106.7 106.7 106.7 

ORC-Cold Utility  
9.5 97.8 97.8 97.8 97.8 

Source: Own table 
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Table D-13. Turbine and pump information for MP-ST-ORC in Case Study 3 

  Duty (kW) 

Type of Component Maximum Duty (kW) Period 1 Period 2 Period 3 Period 4 

Turbine 9.23 9.23 9.23 9.23 9.23 

Pump 0.28 0.28 0.28 0.28 0.28 

Source: Own table 

D.12 MP-ST-ABC 

170 °C

190 °C

130 °C

140 °C

135 °C

60 °C

20 °C

100 °C

V = 17.56 m²

T = 150.0 °C

V = 17.56 m²

T = 20 °C

63.1 °C 51.4 °C

ABS

GEN

SHEX

COND

EVAP

58.1 °C

5 °C

5 °C 39.9 °C

30 °C

30 °C

COP = 0.77

k = 1 k = 2 k = 3

H1

H2

H3

C1

C2

80 °C

10 °C

 

Figure D-12. Grid diagram MP-ST-ABC for Case Study 3 

Source: Own diagram 

Table D-14. Heat exchanger information for MP-ST-ABC in Case Study 3 

   Heat Exchanger Duty (kW) 

Type of Heat Exchanger Match Maximum Area (m²) Period 1 Period 2 Period 3 Period 4 

Intra-Process (i,j,k) 1,1,1 19.8 180.0 180.0 145.7 0.0 
 1,2,1 14.1 0.0 140.0 0.0 0.0 
 2,1,1 24.3 300.0 300.0 279.5 0.0 
 1,1,2 8.4 0.0 0.0 54.8 0.0 
 1,2,3 9.7 0.0 120.0 0.0 0.0 
 2,2,3 3.3 0.0 47.0 0.0 0.0 

Cold Utility (i) 2 11.7 141.2 94.1 175.4 0.0 

Hot Streams to Cold Storage (i,k,lv) 1,1,1 19.4 140.0 0.0 119.5 243.3 
 1,3,1 11.1 120.0 0.0 120.0 196.7 
 3,2,1 2.2 0.0 0.0 36.4 0.0 

Cold Streams to Hot Storage (j,k,lv) 2,1,1 57.7 0.0 410.0 0.0 0.0 
 2,3,1 91.5 0.0 533.0 0.0 0.0 

ABC-Generator (i) 2 7.3 38.8 38.8 25.1 0.0 
 3 0.6 0.0 0.0 13.7 0.0 

ABC-Evaporator (i) 2 3.1 30.0 30.0 30.0 0.0 

ABC-Condenser  3.0 31.3 31.3 31.3 0.0 

ABC-Absorber  5.2 37.6 37.6 37.6 0.0 

Source: Own table 
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Appendix E Extended State-of-the-Art 

Table E-1. Extended State-of-the-Art for the Process Integration of Organic Rankine Cycles and Absorption Chillers into Heat Exchanger Networks 

 
Waste Heat 

Recovery 

Technology 

Approach Type of Process 

Working 

Fluid/Pair 

Properties 

Main Contribution 

 ORC ABC PA MP Cont. Discont.   

    SQ SM     

Chamorro-Romero (2023) * x x   x x x x 

Integration of HEN, ORC and ABC considering working fluid/pair 

properties. First formulation including discontinuous processes 

(Multi-period with and without FTVM Heat Storage). Multiple 

storage levels (more than 2 storage tanks) possible and size and 

temperatures are part of the optimization variables.  

Elsido et al. (2021) x    x  x x 

Extension of Elsido et al. (2017) and Elsido et al. (2019) for multi-

period processes. Includes two-tank storage systems (FTVM 

storages) with know temperatures. First formulation for the 

integration of ORCs into multi-period HENs.  

Chamorro-Romero and Radgen 

(2020)  
x    x x  x 

Extension of Chen, et-al (2014) to include indirect integration 

between ORC and Process Streams using intermediate HTFs in 

HRLs. 

 Huang et al. (2020) x    x x  x 
Similar to Dong et al. (2020) but includes also Steam Rankine 

Cycles and Cooling Tower into the formulation. 

Dong et al. (2020) x    x x  x 
Extension of Chen, et-al (2014) integrating working fluid 

properties into the optimization. 

Xu et al. (2020) x    x x  x 
Extension of Chen, et-al (2014) for multi-objective optimization. 

Working fluid temperature as variables. 

Sun, et-al (2020b)  x   x x  x 
Different arrangement for ABC and VCR than in Sun, et-al 

(2020a) . 

Sun, et-al (2020a)  x   x x  x Consideration of hybrid system combining ABCs and VCRs.  

Sun, et-al (2019)  x   x x  x 
Consideration of the working pair properties and temperatures 

inside of the ABCs.  

Elsido et al. (2019) x    x x  x 

Extension of Elsido et al. (2017) for better computatioanl 

performance. Bilevel decompostion of MINLP. Master problem 

(upper level) optimzes HEN structure (binary variables) using a 

linearized objective function. Continuous variables are then re-

optimzed solving a NLP (lower level). 
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Kermani et al. (2018) x   x  x  x 

General superstructure including most of the possible ORC 

configurations (multiple pressure levels, regeneration, 

superheating, transcritical, etc.) 

Elsido, et-al (2017) x    x x  x 

Consideration of multiple pressure levels for ORC expansion and 

use of metaheuristics for the MINLP. Extension of Chen, et-al 

(2014). 

Yu et al. (2017b) x   x  x  x 
MP formulation considering intermediate HTF (Water) for the 

connection between ORC and Process Streams. 

Yu et al. (2017a) x   x  x  x 
MP formulation including working fluid properties and 

temperatures into the optimization problem. 

Yu et al. (2016) x  x   x  x 
Case Study Refinery for the integration of ORC in HEN using 

Intermediate HTF (Water). Method based on PA. 

Chen, et-al (2015) x    x x  x Extension of Chen, et-al (2014) for Transcritical Cycles. 

Chen, et-al (2014) x    x x  x 

Consideration of Latent Heat of Evaporation and thermophysical 

properties of the working fluids. Calculated independently of the 

optimization model. 

Lira-Barragan, et-al (2014b)  x   x x   
Extension of Lira-Barragan, et-al (2013) to include Heat Storage 

design for the Solar Energy. 

Hipolito-Valencia, et-al (2014a) x x   x x   
Extension of Lira-Barragan, et-al (2014a, 2014c) for interplant 

integration. 

Hipolito-Valencia, et-al (2014c) x    x x   
Case Study Bioethanol Separation Plant using Hipolito-Valencia, 

et-al (2013) 

Hipolito-Valencia, et-al (2014b) x    x x   
Interplant integration of ORCs into HENs. Extension of Hipolito-

Valencia, et-al (2013) 

Lira-Barragan, et-al (2014a,2014c) x x   x x   

First MP model for the simultaneous integration of ORCs and 

ABCs into HENs. Combination of Hipolito-Valencia, et-al (2013) 

and Lira-Barragan, et-al (2013).  

Hipolito-Valencia, et-al (2013) x    x x   
First MP formulation for the integration of ORCs into HENs. 

Extension of SYNHEAT (Yee and Grossmann, 1990). 

Lira-Barragan, et-al (2013)  x   x x   

First MP formulation for the integration of ABC into HENs. ABC 

could be driven by Process Streams or Hot Utility (including solar 

energy). 

Ponce-Ortega et al., 2011  x (x)   x   
Extension of Tora and El-Halwagi (2010) for multi-objective 

optimization (NLP). No HEN synthesis. 

Tora and El-Halwagi (2010)  x (x)   x   
First dedicated study on the integration of ABCs into Industrial 

Processes using PA. HEN was not generated. 

Desai and Bandyopadhyay (2009) x  x   x  x 
First dedicated study on the integration of ORCs into HEN using 

PA. 
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Townsend and Linnhoff (1983b) x (x) x   x  x 
Consideration of technical limitations and shapes of heat profiles 

of working fluids in Steam, ORC and Bryton cycles. 

Townsend and Linnhoff (1983a) x (x) x   x   
Pinch rules for the integration of Heat Engines and Heat Pumps 

into Industrial Processes. 
1) Absorption chillers were not mentioned but general pinch rules for the integration of Heat Pumps were provided.  
2) No HEN synthesis considered. Pinch rules for the integration of ABCs into HEN explicitly presented.  

ORC: Organic Rankine Cycle; ABC: Absorption Refrigeration/Chiller; PA: Pinch Analysis; MP: Mathematical Programming; SQ: Sequential Method; SM: Simultaneous Method 

Source: Own table 
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Appendix F   Estimations of theoretical industrial waste heat potentials (Ext.) 

Table F-1. Estimations of theoretical industrial waste heat potentials (Extended) 

Source Area Approach Temperature Level Estimation (PJ/a) Type of Potential Ref.Year Comments 

Papapetrou et al. 

(2018) 

EU Top-Down < 100°C 4.5 Theoretical 2015 1. Based on waste heat fractions per industry, country 

and temperature level. 

2. Waste heat fractions per industry and temperature 

level taken from UK study by Hammond (2014) with 

reference years 2000-2003.  

3. Data adjusted for country using energy intensities for 

country and industrial sector and for energy efficiency 

improvements between 2000-2003 and 2015. 

100-200°C 360.0 

200-500°C 280.8 

>500°C 446.4 

Brücker et al. (2017) Germany Bottom-Up >35°C 223.0 Theoretical 2008 1. Based on German emission report data 

2. Data set of 81000 emitters (127 PJ) 

3. Value for the whole industrial sector was extrapolated. 

Forman et al. (2015) World Top-Down <100°C 13399.0 Theoretical 2012 1. Based on world energy balance from the IEA and 

assumed efficiencies for typical devices, processes 

and energy sources in the different sectors. 

2. Includes other sectors (transport, commercial, 

residential, etc.) 

3. Data presented is only for the industrial waste heat. 

100-299°C 6380.0 

>=300°C 12123.0 

Persson et al. (2014) EU Top-Down N.A 2924.0 Theoretical 2010 1. Based on CO2 emissions of industrial sites from 

European Pollutant Release and Transfer Register (E-

PRTR).  

2. CO2 to Energy Consumption using characteristic 

carbon dioxide emission factors reflecting average 

national fuel mixes per main activity sector.  

3. Energy to waste heat using recovery efficiencies per 

Industrial Sector. 

Pehnt et al. (2010) Germany Top-Down 60-140°C 160.0 Theoretical 2007 1. Multiple Sources /AG Energiebilanzen 2007 and 

efficiencies and energy intensities taken from studies 

in US (US Department of Energy 2004) and Norway 

(Enova 2009) 

>140°C 316.0 

Source: Own table 

 



 Appendix F - Estimations of theoretical industrial waste heat potentials (Ext.) 265 

 

 

 

 

Figure F-1. Sankey diagram for the estimated energy flows and waste heat potential in the industrial sector worldwide for 2012.  

Source: Own diagram based on Forman et al. (2016)
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Inhalt 

The industrial sector accounts for almost a third of the global GHG emissions, from which around 80% 

correspond to energy-related emissions. The decrease of energy consumption in the industrial sectors has 

therefore a direct impact in the reduction of the global GHG emission as required by the Paris Agreement, 

in order to limit the increase of the global average temperature below 2°C above pre-industrial levels. 

Around 30% of the energy input into the industrial sector worldwide is released unused to the 

environment as waste heat. The internal and external recovery of waste heat represents in consequence, 

an attractive strategy for the reduction of the industrial energy consumption. Typically, the internal waste 

heat recovery and the external waste heat recovery are treated as separated problems in the hierarchical 

sequential approach for the design of industrial processes. Although a practical and successful design 

strategy, this sequential approach neglects possible synergies generated by considering simultaneously 

the internal and external waste heat recovery options during the process design.  

 

In this work, a mathematical framework considering simultaneously internal (represented by the synthesis 

of the heat exchanger network for the system) and external (represented by the use of waste heat 

transformation technologies) waste heat recovery options is presented. The mathematical framework 

focuses on two of the most mature waste heat transformation technologies, Organic Rankine Cycles 

(ORCs) and Absorption Chillers (ABCs), and integrates them into Heat Exchanger Networks (HENs) in 

continuous and multi-period process with and without Fixed Temperature Variable Mass (FTVM) heat 

storage. The generated system designs have the potential to be economically, technically and 

environmentally more attractive than systems solely factoring heat exchanger networks.  

 

The main conclusion from this dissertation is, that combined design methodologies, considering the 

process integration of ORCs, ABCs or both, into HENs in continuous and multi-period processes with 

and without FTVM heat storage, can generate economically, technically or environmentally attractive 

system designs. 


