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ABSTRACT 
A novel process system which integrates an isopropanol-based chemical heat pump with a post-
combustion carbon capture unit was proposed, designed, and analyzed. The system uses low-
quality waste heat (~80°C) produced through the CO2 adsorption step of a carbon capture process 
and upgrades that heat to a higher temperature (~150°C) using the chemical heat pump. The 
chemical heat pump is powered mostly by the waste heat and requires only a small amount of 
electricity. The higher temperature heat produced can be used in the desorption stage of the CO2 
capture process, displacing a portion of the existing fossil energy required. The energy and exergy 
performance characteristics of the chemical heat pump were computed using the results of a 
steady state simulation in a systems analysis. Using exergy cost correlations, the profitability of 
the chemical heat pump concept was estimated. It was found that for this particular configuration, 
the fossil energy load of desorption could be reduced by roughly 2.7% with very little parasitic 
electric load. 
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1. INTRODUCTION
Chemical heat pumps convert low temperature

waste heat into high temperature heat through reversible 
chemical reactions. Compared to conventional compres-
sion-based heat pumps, chemical heat pumps consume 
far less electricity. One widely researched organic chem-
ical heat pump is the isopropanol acetone system, mainly 
due to its wide and useful temperature range: 

(𝐶𝐶𝐶𝐶3)2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑙𝑙) → (𝐶𝐶𝐶𝐶3)2𝐶𝐶𝐶𝐶(𝑔𝑔) + 𝐻𝐻2(g) (1) 

(𝐶𝐶𝐶𝐶3)2𝐶𝐶𝐶𝐶(𝑔𝑔) + 𝐻𝐻2(g) → (𝐶𝐶𝐶𝐶3)2𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑔𝑔)                      (2) 

Isopropanol dehydrogenation (Equation 1) is an 
endothermic reaction operating in the temperature range 
80°C—90°C. The reverse (acetone hydrogenation, 
Equation 2) is exothermic and between 150°C—210°C [1]. 
The heat of endothermic reaction is 100.4 kJ/mol of 
isoproponol reacted whereas the heat of exothermic 
reaction is 55 kJ/mol of isoproponal formed [1]. Additional 
heat is needed for the endothermic reaction since it 
involves vaporising the isopropanol to the gas phase for 
the reaction. Previous isopropanol acetone system 
studies looked at individual aspects, such as catalyst 

nuances or the effects of reactor design parameters on 
performance/efficiency. However there have been very 
few studies which look at the integration of isopropanol 
chemical heat pumps with other processes. 

Figure 1. Chemical heat pump integration with adsorption 
based CO2 capture. 
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Post-combustion carbon capture involves removing 
carbon dioxide from flue gas generated during combus-
tion of fuel. The most common technology used for this 
type of carbon capture is amine absorption. Sorption 
techniques employing solids materials are in the research 
& development phase. These materials include polyeth-
yleneimine and dry sorbents. We chose a potassium-
based dry sorbent carbon capture processes for this 
study because the temperature of its waste heat pro-
duced and its high-quality heat consumed matches very 
well with an isopropanol based chemical heat pump.  

The carbonation process of the potassium-based 
sorbent is given the following equation. 

𝐾𝐾2𝐶𝐶𝑂𝑂3 + 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 ⇌ 2𝐾𝐾𝐾𝐾𝐾𝐾𝑂𝑂3 + 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  (3) 

The reverse reaction is the regeneration process. In the 
real system, the heat required for regeneration is more 
than the heat released during the carbonation process. 
The regeneration heat comprises of the reaction heat of 
regeneration as well as the sensible heat which is re-
quired to heat the sorbent to the regeneration tempera-
ture [5]. 

Park et al. [6] carried out post combustion carbon 
capture using a potassium-based dry sorbent in a 0.5MW 
pilot plant. In their work, flue gas from the coal fired 
power plant was around 80°C, so the carbonation tem-
perature was also maintained the same. The regeneration 
temperature was in the range 150°C – 200°C. Yi et al. [7] 
carried out carbon capture using a potassium-based 
sorbent in a bench scale fluidized bed reactor. They have 
also maintained the carbonation temperature of 80°C 
and regeneration temperature of 150°C – 230°C.   

Here we propose a novel integration of an 
isopropanol heat pump with a post-combustion sorption-
based carbon capture process. In this work we designed 
the chemical heat pump system, simulated it in Aspen 
Plus, and analyzed its performance and suitablility for this 
particular application. 

2. SYSTEM DESCRIPTION 
The integrated system is shown in Figure 1. In the 

carbon capture process, CO2 from flue gas gets 
chemisorbed by the sorbent , which is a mild exothermic 
process (less than 100°C). The regeneration of the 
sorbent is an endothermic process (less than 200°C) [3]. 

 The sorption energy is generally considered waste 
as this is low grade heat and is difficult to recover. In the 
proposed integrated system, the low grade waste heat 
from the adsorber is upgraded to high temperature heat 
used for the desorber. Thus, the chemical heat pump can 
partly supply the energy required for the sorbent regen-
eration. 

There is some literature which reports the simulation 
of isopropanol chemical heat pumps. There are two 

different configurations explored in the literature. The 
first configuration involves an exothermic reactor, a 
distillation column, and an endothermic reactor. Here the 
products (mixture of isopropanol, acetone, and 
hydrogen) from the exothermic reactor gets separated in 
the distillation column. The distillate (acetone and 
hydrogen) goes to the exothermic reactor. The bottoms 
product (majorly isopropanol) goes back to the 
endothermic reactor. The second configuration involves 
the reboiler acting as an endothermic reactor. In this case 
there is no separate endothermic reactor. Both are 
represented in Figures 2 and 3.  

Configuration 1 requires a greater amount of heat 
consmuption per exothermic heat produced compared to 
configuration 2. Configuration 2 takes the advantage of 
the fact that the endothermic reaction temperature and 
the boiling temperature of isopropanol can be very 
similar. By syngerizing both into the same unit, the total 
heat load of the system is reduced, because it avoids 
“boiling the isopropanol twice.”  

In both designs, the pressure of the exothermic 
reactor is a little bit higher (1.3 bar) than than that of the 
distilation column (atmospheric). This is because the 
exothermic reaction equilibrium is more favourable at 
higher pressure. The optimal pressure, however, is 
uncertain because of the parasitic electric load of the 
compressor required. For chemical heat pumps, very low 
electricity consumption is desirable, as the low-electricity 
quality is an intentional feature. Related to this, the 
pressure of the distillation column is atmospheric 
because the boiling point of isopropanol at atmospheric 
pressure closely matches the available waste heat 
temperature.  

3. METHODOLOGY 
A steady state simulation was created for both con-

figurations using the software Aspen Plus. Configuration 
1 was based on the design of [8] but was modified to 
match the temperature ranges of our particular carbon 
capture application. The results were similar to those re-
ported in the previous works. Configuration 2 was based 
on the design of [3] but modified to meet our application-
specific requirements. One particularly important change 
is that we used an equilibrium-based model for the reac-
tion that as will be noted later, results in more conserva-
tive reaction yields than those predicted in the reference 
paper. 

3.1 Modelling Details 
The RADFRAC equilibrium-based model was used for 

the distillation column. The column design parameters 
were chosen using the methodology for pre-economic 
binary distillation column design described in [9]. In this 
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methodology, the reflux ratio is adjusted to match distil-
late purity specifications, and for Configuration 1 the dis-
tillate-to-feed ratio is fixed based on obvious desired 

recoveries. The initial number of stages above and below 
the feed was chosen based on the results of the prior 
work, and then adjusted upward or downward based on 

 
Figure 2: Configuration 1 of isopropanol chemical heat pump 
 

 
Figure 3: Configuration 2 of isopropanol chemical heat pump 
 



 

Krishnadoss et al. / LAPSE:2024.1566 Syst Control Trans 3:484-489 (2024) 487 

the separate efficiency of each stage such that unneces-
sary or low-impact stages were eliminated. Finally, the 
distillate purity specification, which is a degree of free-
dom, was modified in a sensitivity analysis to understand 
the impact on the performance of the overall system, re-
peating the above procedure with each modification. The 
trade-offs are that high distillate purities yield higher ex-
othermic reaction yields, but at a higher cost of reboiler 
duty, with diminishing returns. The final selected values 
were chosen heuristically to balance the distillation heat 
load with the resulting Coefficient of Performance (COP) 
of the system as a whole. This method gives very good 
results and is appropriate for this scope of conceptual 
design and analysis. A more rigorous optimization ap-
proach could be taken in the future given more detailed 
economic criteria, but the results are not expected to de-
viate much.  

Table 1: Specification of the simulation for configuration 
1 and 2 

Description Value 
Distillation column pressure Atmospheric pressure 
No of stages  
Feed location  
Isopropanol mol fraction in 
distillate (by varying reflux 
ratio) 

 

Exothermic reactor tempera-
ture 

°C  

Exothermic reactor pressure  bar 
Endothermic reactor pres-
sure for configuration  

Atmospheric pressure 

Endothermic reactor tem-
perature for configuration  

°C 

Distillate to feed ratio for 
configuration  

 

Compressor discharge pres-
sure 

 bar 

Heat exchanger Hot inlet – 
cold outlet temperature dif-
ference 

°C 

 
The RGIBBS reactor model was chosen for the exo-

thermic reactor in both configurations and the endother-
mic reactor in Configuration 1. For Configuration 2, the 
RGIBBS model was used for the reboiler, and the RAD-
FRAC model used no reboiler. All RGIBBS models used as-
sumed isothermal (at a specified temperatures matching 
the integrated carbon capture absorber and desorber) 
and isobaric (no pressure drop) conditions.  

The compressors used the COMP model, assumed 
default isentropic efficiencies of 0.72, and required only 
a single stage. The compressor discharge pressure was 
chosen such that after upstream pressure drop, the 

exothermic reactor pressure was the value recom-
mended in [10] of 1.3 bar. 

The HEATX model was used for the heat exchanger, 
with the specification that the cold outlet / hot inlet tem-
perature difference is 10°C, a common specification for 
pre/post reactor economizers. 

Because this study does not consider economics, 
and all distillation and reaction models are based on equi-
librium assumptions, the scale of the simulation is arbi-
trary, and performance criteria such as efficiency or co-
efficient of performance does not change with scale. 
Therefore, all system analysis results are reported on a 
normalized basis. Furthermore, because phase and reac-
tion equilibrium is assumed, these results are the “best” 
possible outcome for the reported configuration. A sum-
mary of the main specifications are given in Table 1. 

4. RESULTS  
The key results of both simulations are shown in Fig-

ures 2 and 3.  

4.1 Performance Analysis 
The COP and exergy efficiency are used to evaluate 

the performance of the isopropanol chemical heat pump. 
The COP of this chemical heat pump is calculated ac-
cording to the formula: 

𝐶𝐶𝐶𝐶𝐶𝐶 = 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

     (4) 

where 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 is the rate of high temperature heat produced 
(the exothermic reactor heat duty) in kW and 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the 
rate of low temperature heat consumed (the sum of the 
reboiler and if it exists, the endothermic reactor heat 
duty) in kW. To compare the COP of the chemical heat 
pump with a conventional electric heat pump, the COP of 
the heat pump based on electrical work input is defined:  

𝐶𝐶𝐶𝐶𝐶𝐶𝑊𝑊 = 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒
𝑊𝑊𝑖𝑖𝑖𝑖

     (5) 

where Win is the electrical work input in kW. For the iso-
propanol chemical heat pump this is the compressor 
power input.  

The COP considers only the quantity of heat. Exergy 
includes both the quantity and the quality of the heat. 
System exergy input is defined by the below formula: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖 = Q𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �1 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

� + 𝑊𝑊𝑖𝑖𝑖𝑖  (6) 

where 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 is the reference temperature in K and 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is 
the endothermic reaction temperature in K. System ex-
ergy output is defined by the below formula: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = Q𝑒𝑒𝑒𝑒𝑒𝑒 �1 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒

�   (7) 

where 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 is the exothermic reaction temperature in K. 
System exergy efficiency is given by the formula: 
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𝜂𝜂 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑖𝑖𝑖𝑖

     (8) 

The input values required for COP and exergy calcula-
tions are taken from the simulation. The results are pre-
sented in Table 2: 

Table 2: Performance parameters 

Description Config  Config  
COP   
COPW   
Exergy in (ref temp °C)   
Exergy out (ref temp 
°C) 

  

Exergy efficiency   
Net profit $ per GJ low 
temp heat 

  

 
The calculated COP of Configuration 2 is less than 

what is reported in the literature for a similar case [2] 
since the equilibrium conversion of the endothermic re-
action in our simulation is around 4%, whereas in the lit-
erature it is around 7%. Unfortunately, it is unclear 
whether how that number was obtained or if it was as-
sumed as a parameter in that work. Both works used very 
similar temperature, pressure, and reagent stoichiometric 
ratio conditions in the exothermic reactor, so this differ-
ence cannot be explained by differences in feed condi-
tions. It should noted that our model uses an equilibrium 
assumption that in theory should result in the upper 
bound on reactor conversion in a real situation without 
reactor modifications, such as a membrane to remove re-
action products in-situ as the reaction progresses.  

Increasing the isopropanol purity in the distillate or 
changing the distillation column pressure beyond the fi-
nal case reported in Table 1 did not have much effect on 
COP. The main parameter that governs the COP and the 
exergy efficiency of the isopropanol chemical pump is the 
endothermic reaction conversion. The COPW of this 
chemical heat pump is around 16 whereas it is typically 
around 2 for traditional electric heat pumps. The main ad-
vantage of the chemical heat pump is that it utilises sig-
nificantly less electrical power to produce the tempera-
ture lift. Thus chemical heat pumps can play an important 
role for a future low carbon economy. 

4.2 Economic Approximation Using Exergy 
Exergy is used as a key metric to estimate the prof-

itability of the isopropanol chemical heat pump. A recent 
analysis has shown that the price of heating utilities is lin-
early correlated to the exergy of that utility when the ref-
erence temperature chosen is “plant ambient” conditions, 
or about 78°C. In other words, in a typical chemical plant, 
the value of waste heat at 78°C is on average zero, and 
above that is valued at $29.9 (USD2022) per GJ of exergy 

of heat relative to 78°C [4]. Therefore, we can estimate 
the net profit from this chemical heat pump by the below 
formula. 

𝑛𝑛𝑛𝑛𝑛𝑛 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  (9) 

where net profit is expressed as $/GJ of low temperature 
heat, value of product is $/GJ of low temperature heat 
and electrical cost is $/GJ of low temperature heat. The 
net profit does not include the value of low temperature 
waste heat input as it is currently not recovered at all.  
The value of the high temperature heat product is esti-
mated [4]: 

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

× 29.9  (10) 

where the constant 29.9 is in $/GJ of exergy. 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑦𝑦𝑜𝑜𝑜𝑜𝑜𝑜 
is calculated using the reference temperature 78°C. The 
cost associated with the electrical input is calculated as:  

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑊𝑊𝑖𝑖𝑖𝑖

𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
× 27.77   (11) 

where the constant 27.77 is in $/GJ of electricity. Substi-
tuting the simulation results in the above equations, we 
get the net profit of this chemical heat pump as shown in 
Table 2. 

4.3 Economic assessment of the integrated 
system 

As illustrated in the system description section, the 
endothermic energy required for the isopropanol chemi-
cal heat pump is given by the carbon capture carbonation 
process. The heat required for the carbon capture regen-
eration process is given by the exothermic heat of the 
isopropanol chemical heat pump. 

Heat generated by the carbonation process of po-
tassium based sorbent is, 𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 141.16 kJ/mol [5]. The 
exothermic heat generated by the isopropanol chemical 
heat pump is given by the below formula. 

Q𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐶𝐶𝐶𝐶𝐶𝐶 ×  𝐹𝐹   (12) 

where 𝐹𝐹 is the carbon capture flow rate in mol/s. The en-
dothermic heat required for carbon capture regeneration 
is given by the following formula. 

Q𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = (𝐻𝐻𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐹𝐹) + (𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 − 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  × 𝐶𝐶𝐶𝐶
1000

×  𝐹𝐹
𝐴𝐴
 (13) 

where Q𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the heat required for regeneration of 
sorbent in kW, 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the sorbent regeneration temper-
ature in °C, 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the sorbent carbonation temperature 
in °C, 𝐶𝐶𝐶𝐶 is the specific heat capacity of sorbent with a 
value of 830 J/kg K [11], 𝐴𝐴 is the absorption capacity of 
sorbent with a value of 0.43 mol CO2/kg sorbent [5].The 
purpose of this integration is to supply part of the regen-
eration energy for the carbon capture process. The per-
centage energy savings resulting from this integration is 
given by the following formula. 
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% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

 × 100  (14) 

When 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒  = 80°C and 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 = 150°C, 
% 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 2.68%. Here the temperature differ-
ence between the chemical heat pump and the carbon 
capture is kept zero and the resulting energy savings is 
the theoretical maximum. Altering the chemical heat 
pump’s endothermic and exothermic temperature to 
maintain some temperature difference would result in  re-
duction of energy savings. The estimation of the carbon 
capture rate of the potassium-based sorbent at 80°C and 
the regeneration efficiency at 150°C is beyond the scope 
of this work. 

5 CONCLUSIONS 
The performance of a thermochemical heat pump 

and its integration with potassium-sorbent-based post-
combustion carbon capture was studied. The limiting 
step in the isopropanol chemical heat pump is the isopro-
panol dehydrogenation to acetone and hydrogen. Any 
process improvements to increase the isopropanol con-
version to acetone and hydrogen would increase the COP 
and exergy efficiency. Potassium-sorbent-based carbon 
capture was selected for integration with this chemical 
heat pump due to the matching operating temperature.   
Around 2.7% of thermal regeneration energy savings is 
possible when both the systems are operated in the tem-
perature range 80°C - 150°C. Ultimately, we can recover 
about 10% of the value (exergy) of the low temperature 
heat as high temperature heat. The dollar savings would 
increase when the capacity of the carbon capture unit in-
creases and hence this integration could be economical 
for large scale systems. 

DIGITAL SUPPLEMENTARY MATERIAL 
The Aspen Plus simulation files of the isopropanol 

chemical heat pump is available in LAPSE at 
http://PSEcommunity.org/LAPSE:2023.36832.  
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