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Abstract

Against the backdrop of the global energy transition and decarbonization imperative
targets, improving the efficiency of conventional energy systems while simultaneously
reducing carbon emissions has become a pressing challenge. To address the widespread
problem of insufficient waste heat utilization in combined cooling, heating, and power
(CCHP) systems, this study proposes a novel low-carbon-emission CCHP system coupled
with heat pump (HP) technology and a monoethanolamine (MEA)-based carbon capture
and storage (CCS) subsystem. The HP unit enables cascaded recovery and temperature
upgrading of low-grade waste heat from both the flue gas and the CCS regeneration
column. A comprehensive five-dimensional evaluation framework—covering energy,
exergy, life cycle environmental assessment, economic and exergoeconomic analyses—is
established and benchmarked against a conventional low-carbon CCHP reference system.
Thermodynamic results show that HP integration raises the overall energy efficiency
from 74.25% to 81.22% and the waste heat recovery rate from 73.59% to 89.85%, while
simultaneously reducing exergy losses by 365.06 kW and elevating exergy efficiency from
53.95% to 65.07%. Economic analysis reveals that the unit energy production cost decreases
from 0.033 to 0.031 $/(kW·h), despite a marginal increase in unit power generation cost.
Sensitivity analysis identifies operating hours and interest rate as the dominant cost drivers.
Exergoeconomic analysis pinpoints the turbine, the CCS subsystem, and the compressor as
contributing 67.02%, 17.11%, and 8.17% of the total exergoeconomic losses, respectively,
identifying them as the primary targets for future optimization. These findings provide a
theoretical foundation and engineering guidance for the development and deployment of
high-efficiency, low-carbon multi-generation energy systems.

Keywords: CCHP; heat pump; waste heat recovery; 5E analyses

1. Introduction
Rapid economic growth and accelerating industrialization have substantially increased

global energy demand while intensifying environmental pressures [1]. The excessive con-
sumption of fossil fuels not only leads to low primary energy utilization efficiency—where
large quantities of energy are dissipated during conversion and transmission—but also
generates significant greenhouse gas emissions that exacerbate climate change. Reducing
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carbon dioxide and other greenhouse gas emissions and promoting a comprehensive green
transition of economic and social development have become a global consensus [2].

In the context of the global energy transition and the “dual-carbon” climate targets,
enhancing the efficiency of conventional energy systems and reducing carbon emissions
have emerged as central objectives [3]. CCHP systems achieve significant improvements in
overall energy efficiency through cascaded energy utilization [4] and are widely regarded
as a critical direction for future energy systems. Zhang et al. [5] proposed a CCHP scheme
based on solar thermochemical energy storage that increased thermal and exergy efficiencies
by 14.23% and 3.24%, respectively. Hou et al. [6] designed a CCHP system integrating a
PEM fuel cell and adsorption chiller, improving thermal efficiency by 14.72%, reducing
greenhouse gas emissions by 22.51%, and lowering annual costs by 69.86%. Nevertheless,
existing CCHP systems continue to suffer from insufficient low-grade waste heat utilization,
high energy penalties associated with carbon capture processes, and limited overall system
efficiency—factors that constrain their broader adoption.

In CCHP systems fueled by hydrocarbons such as natural gas, the combustion process
inevitably produces substantial carbon emissions, highlighting the importance of CCS
technology [7]. Hai et al. [8] employed machine learning to optimize a CCHP system,
reducing CO2 emissions from 0.92 kg/s to 0.41 kg/s and improving thermal and exergy
efficiencies to 49.2% and 36.71%, respectively. Yang et al. [9] proposed a zero-carbon-
emission CCHP system that leveraged LNG cold energy for highly efficient CO2 capture,
achieving electrical, exergy, and total efficiencies of 60.37%, 62.83%, and 79.09%, respectively.
A key unresolved challenge in current research is the significant heat waste occurring in
the CCS stage of CCHP systems because the available thermal energy is not matched and
utilized at the appropriate temperature level.

HP technology is capable of transferring thermal energy from low-temperature to
high-temperature reservoirs, enabling effective recovery and reuse of low-grade waste
heat with only a small electrical input [10]. Integrating HP technology into CCHP systems
targets the optimization of cascaded energy utilization pathways through multi-stage waste
heat recovery and temperature-zone coordinated matching, thereby enhancing overall
system efficiency and improving economic performance. Zhang et al. [11] applied a LiBr
refrigeration–heat pump heat recovery technique in a CCHP system, recovering heat from
the cooling water of the refrigeration subsystem to preheat boiler feedwater, reducing
primary energy consumption by 26.6%. Wegener et al. [12] proposed an optimal design
method for CCHP/HP systems under various climate scenarios applied to a historic
building in Barcelona, achieving a 2.5% reduction in total project cost and more than a
75% reduction in carbon emissions. On the integration of HP with CCS, Huang et al. [13]
proposed an absorption–compression cascade heat pump to assist post-combustion capture,
achieving a waste heat recovery rate of 73.48%. Liu et al. [14] integrated HP and CCS in a
coal-fired power plant, improving thermal efficiency by 0.854%.

Despite progress in each of these individual pairings, existing research predominantly
focuses on the standalone application of HP technology in heating scenarios, and few stud-
ies have simultaneously explored the thermal integration potential of HP with both CCHP
systems and CCS units [15]. In practical engineering applications, economic viability and en-
vironmental benefits are decisive factors for system deployment. The middle-temperature
heat source required by the CCS desorption column and the output temperature range of
the HP present a feasible optimization opportunity, yet current technical approaches have
not established an effective energy transfer pathway between these two units, resulting in
a dual thermodynamic barrier in waste heat recovery and CCS energy supply.

It is worth noting that, although CCHP–HP, CCHP–CCS, and HP–CCS integrations
have each been individually investigated in prior work, the simultaneous tri-coupling of
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all three subsystems within a unified thermodynamic framework remains insufficiently
explored [16]. Existing CCHP–HP studies typically focus on space heating or chilled-water
applications and do not address the temperature-matching challenge between the HP
output and the CCS desorption heat requirement. CCHP–CCS research has demonstrated
feasible CO2 capture pathways but largely overlooks the substantial low-grade waste heat
rejected by the CCS regeneration column, which represents an under-utilized recovery
opportunity [17]. HP–CCS studies applied to power plants have confirmed efficiency
gains from heat-pump-assisted capture, yet these configurations are not designed around
the multi-product (cooling, heating, and power) dispatch logic inherent to CCHP opera-
tion. Consequently, none of the above pairings establishes the complete energy transfer
chain—from low-grade waste heat recovery, through temperature upgrading by the HP,
to simultaneous supply of CCS desorption heat and domestic hot water—that is required
for a genuinely integrated low-carbon multi-generation system. The above works are
summarized in Table 1.

Table 1. Review of related works on CCHP–HP, CCHP–CCS, and HP–CCS integrations.

Category Author System Configuration ηEn

CCHP-HP Zhang et al. [11] LiBr HP recovering chiller cooling water -
Wegener et al. [12] CCHP-HP for historic building 66.50%

CCHP-CCS Hai et al. [8] ML-optimized CCHP-CCS 49.20%
Yang et al. [9] Zero-carbon CCHP-LNG cold energy 60.37%

HP-CCS Huang et al. [13] Absorption–compression cascade HP 73.48
Liu et al. [14] Coal-fired plant HP-CCS -

To address these gaps, this study proposes a low-carbon-emission CCHP system based
on HP technology, in which the HP unit recovers low-grade waste heat from both the CCS
subsystem and the overall CCHP process, upgrades its temperature, and redirects it for
feedstock preheating and reaction energy supply. The system is subject to a comprehensive
five-dimensional evaluation: energy, exergy, environment, economic and exergoeconomic
analysis. The core configurative innovation of this study is the first establishment of a ther-
modynamically closed-loop coupling among CCHP-HP-CCS subsystems. This overcomes
the limitation of pairwise integration and broken energy transfer chains in existing stud-
ies. The integrated approach constructs a complete technical chain from low-temperature
waste heat recovery and temperature elevation to precise energy supply, providing a new
technical framework for achieving low-carbon, high-efficiency CCHP systems.

2. System Description
2.1. System Configuration

The proposed low-carbon-emission CCHP system uses natural gas combustion as its
primary energy driver and integrates five major subsystems: a steam power generation
subsystem, an absorption refrigeration subsystem, an MEA-based CCS subsystem, an
HP subsystem, and a waste heat boiler (WHB). Figure 1 presents a schematic diagram of
the system.

The combustion of methane follows the reaction [18]:

CH4+2O2 → 2H2O + CO2 (1)

In the steam power generation subsystem, steam preheats feedwater in heat exchanger
HX1; the fuel is subsequently preheated and then combusted in the combustion chamber
(CC) to produce high-temperature flue gas. The flue gas enters HX2 to generate high-
pressure steam, which drives the turbine (Tur1) to produce electricity. The steam created in
the turbine exhaust sequentially supplies heat to the CCS desorption column (Des1) and
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the waste heat boiler. The high-temperature flue gas, after supplying the steam generator,
provides thermal energy to the generator (Gen1) of the absorption refrigeration system and
to the HP evaporator, and finally enters the absorption column (Abs1) of the CCS system to
complete the CO2 capture cycle.
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Figure 1. Schematic diagram of low-carbon-emission CCHP system.

The HP subsystem uses R1234ze(Z) as its working fluid, selected for its favorable COP
and low global warming potential. Additionally, this refrigerant offers strong compatibility
across various operating conditions. Its atmospheric lifetime is only about 20 days. It is
suitable for medium-to-high temperature ranges, with low flammability and low toxicity.
Its evaporator is divided into two sections: the first section exchanges heat with the outlet
stream of the CCS desorption column via HX8, and the second section recovers additional
heat from the high-temperature flue gas via HX7. After compression in compressor (Com1),
the high-temperature, high-pressure working fluid first supplies heat to the desorption
column via HX9, and subsequently heats water in HX10 as part of the waste heat boiler
network. This configuration follows the principle of “temperature matching and cascaded
utilization,” constructing a complete pathway from low-grade waste heat recovery to
temperature upgrading and targeted energy delivery. The thermodynamic equilibrium
equations for the various components in the HP system are shown in Table 2.

Table 2. The thermodynamic equilibrium equations in the HP system.

Component Thermodynamic Equilibrium Equation
HX7 QHX7 = m7(h7 − h8) = m26(h27 − h26)
HX8 QHX8 = m23(h23 − h24) = m26(h26 − h25)
HX9 QHX9 = m28(h28 − h29) = m22(h22 − h21)
HX10 QHX10 = m29(h29 − h28) = m32(h32 − h31)
Com1 WCom1 = m28(h28 − h27), h28 = h27 + (h28s − h27)/ηs
Valve h25 = h30

The absorption refrigeration subsystem, driven by high-temperature flue gas, also
produces hot water in the absorber (HX6) and condenser (HX3). Since the outlet water

https://doi.org/10.3390/pr14111764

https://doi.org/10.3390/pr14111764


Processes 2026, 14, 1764 5 of 20

temperature of these two heat exchangers is close to the outlet temperature of the HP waste
heat boiler section, the two water streams are merged and collectively supplied as the WHB
output, enabling more complete heat utilization.

A conventional low-carbon-emission CCHP system (without the HP unit) is con-
structed as a reference for performance benchmarking. In the reference system, the CCS
process is driven directly by the available thermal energy from flue gas and steam, without
any heat recovery via HP technology, with only thermally recoverable streams above the
minimum recovery threshold being utilized. Figure 2 shows the reference system.
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Figure 2. Schematic diagram of reference CCHP system.

2.2. Design Parameters

The main design parameters of the system are summarized in Table 3 [11,12]. The
ambient temperature and pressure are set to 25 ◦C and 100 kPa, respectively. To ensure a
fair comparison between the designed and reference systems, the natural gas flow rate is
fixed at 600 kg/h and the combustion temperature at 1878 ◦C for both cases. Isentropic
efficiencies of the turbine and compressor are both set to 90%, and all components are
assumed to operate under steady-state conditions.

Table 3. Main design parameters of each component in low-carbon-emission CCHP system.

Subsystem Component Key Parameters

Steam Power

CC Pressure: 100 kPa; Temperature: 1878 ◦C
HX1 Cold outlet temperature: 90 ◦C
HX2 Cold outlet temperature: 1000 ◦C
HX11 Hot outlet temperature: 95 ◦C
HX12 Cold outlet temperature: 90 ◦C
Tur1 Exhaust pressure: 40 kPa; Isentropic efficiency: 90%

Pump1 Discharge pressure: 2500 kPa; Pump efficiency: 90%

CCS System
HX7 Hot outlet temperature: 40 ◦C
HX9 Hot outlet temperature: 80 ◦C
HX10 Hot outlet temperature: 27 ◦C
Com1 Outlet pressure: 2400 kPa; Isentropic efficiency: 90%
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Table 3. Cont.

Subsystem Component Key Parameters

HP System

Abs1 No. of trays: 15; Pressure: 100 kPa
HX8 Heat duty: 118.88 kW
HX13 Hot inlet–cold outlet temperature difference: 15 ◦C
Des1 No. of trays: 10; Pressure: 200 kPa
HX3 Hot outlet temperature: 45 ◦C
HX4 Hot outlet temperature: 9 ◦C
HX5 Hot outlet temperature: 80 ◦C

Absorption Refrigeration HX6 Hot outlet temperature: 40 ◦C
Gen1 Temperature: 99.47 ◦C; Pressure: 9.6 kPa

Pump2 Outlet pressure: 9.6 kPa; Pump efficiency: 90%
CC Pressure: 100 kPa; Temperature: 1878 ◦C

2.3. Model Validation

To verify the accuracy of the simulation model, the key subsystems are validated
against experimental and literature data, as summarized in Table 4. The simulation results
agree well with the reference values, with maximum deviations of 9.87% for steam cycle
thermal efficiency, 7.71% for the CCS reboiler heat duty, and 4.67% for the HP coefficient
of performance. To verify the rationality of the overall system simulation results, we
compared our model with a similar integrated CCHP-CCS-HP system. Under the same
output conditions, the system deviation can be controlled within 10%. These deviations are
within acceptable ranges for engineering system simulations, confirming the reliability of
the established model.

Table 4. Validation results of the subsystem models [11,12].

Subsystem Parameter Simulated Reference Deviation (%)

Steam Cycle
Heat source temp. (◦C) 289 289 0

Condensation temp. (◦C) 220 220 0
Thermal efficiency (%) 31.60 28.48 9.87

CCS
CO2 capture rate (%) 90 90 0
Reboiler temp. (◦C) 120.0 120.0 0

Heat duty (GJ/t-CO2) 3.23 3.50 7.71

HP Supply/return temp. (◦C) 75/50 75/50 0
COP 2.69 2.57 4.67

Integrated System
System power (kW) 25 25 0
CO2 capture rate (%) 75 75 0
Energy efficiency (%) 64.9 61.3 5.54

COP 3.7 3.4 8.11

2.4. Model Assumptions

To ensure the reliability of the system analysis and evaluation, a series of rational
assumptions must be established prior to model construction. The assumptions proposed
in this study are as follows [19–21]:

(1) All components within the system operate stably under the standard operating condi-
tions set in the simulation.

(2) Minor variations in kinetic and potential energy within the system are neglected.
(3) Each piece of equipment in the system is in an equilibrium state.
(4) For the purpose of calculation and analysis, the standard conditions are set at 25 ◦C

and 1 bar.

It should be noted that the above assumptions focus mainly on the level of system. Pro-
cesses such as heat pump operation and solvent regeneration will cause fluctuations in ac-
tual performance. These require separate discussion based on specific operating conditions.
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3. Analytical Methodology
3.1. Thermodynamic Analysis

The energy balance of the system is expressed as follows [22]:

∑ Q = ∑ W + ∑ mh (2)

The overall energy efficiency of the system is evaluated as follows [23]:

ηEn =
∑ EnOut + PNet + QRea

∑ EnIn + PIn
(3)

where EnOut and EnIn are the energy carried by the system outlet and inlet streams (kW),
respectively; PNet is the net electrical output (kW); QRea is the heat consumed by chemical
reactions within the system (kW); and PIn is the electrical power input to the system (kW).
For the HP subsystem, the coefficient of performance (COP) is defined as follows [24]:

COP =
QCon

WCom
(4)

where QCon is the heat released by the condenser (kW) and WCom is the electrical input to
the compressor (kW).

The exergy of each stream encompasses both physical and chemical exergy [25]:

Ex = Exph + Exch (5)

Physical exergy is calculated as follows [26]:

Exph = m[(hi − h0)− T0(si − s0)] (6)

Chemical exergy accounts for the Gibbs free energy difference at the reference environ-
ment conditions. For streams lacking standard chemical exergy reference data, the thermal
exergy is approximated as follows [27]:

ExQh = Qh(1 − (
T0

Th
)) (7)

The relative exergy loss rate of each component k is defined as follows [28]:

χk =
Exd,k

Exd,t
(8)

The overall system exergy efficiency is as follows:

ηEx =
∑ ExOut

∑ ExIn + Exele
(9)

where ExOut and ExIn are the exergy carried by the outlet and inlet streams (kW), and Exele

is the electrical exergy input (kW).

3.2. Life Cycle Environmental Assessment

The life cycle environmental assessment (LCA) is conducted using the CML (Centrum
voor Milieukunde Leiden) methodology based on the Ecoinvent 3.11 database. The analysis
covers both the production and the operational phases (cradle-to-gate) of the system. CO2

emissions are a key output of CCS operation. Therefore, this aspect is not considered sepa-
rately during the operational phase. Key environmental impact categories assessed include
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acidification potential (AP), global warming potential (GWP), eutrophication potential (EP),
human toxicity potential (HTP), freshwater aquatic ecotoxicity potential (FAETP), marine
aquatic ecotoxicity potential (MAETP), terrestrial ecotoxicity potential (TETP), and abiotic
depletion potential (ADP). Table 5 shows the assessment objects of LCA.

Table 5. Assessment objects of LCA.

Stage Component Parameter Value

Construction

CC Rated heat output 4828.94 kW
CCS CO2 capacity 742.50 kg
HX Heat exchange 10,446.67 kW
Tur Work done 540.86 kW

Com Power consumption 278.85 kW

Operation
CC Heat output 4828.94 kW
CC Runtime 90,000.00 h
HX Heat exchange 10,446.67 kW

Com Power consumption 278.85 kW

It should be noted that the CML method addresses environmental impacts at the
component level; system-level phenomena such as refrigerant leakage are excluded through
the model assumptions described above.

3.3. Economic Analysis

The total annualized system cost encompasses fuel cost (Cfuel), environmental cost
(Cenv), and investment cost (Cinv) [29] are as follows:

Ctotal = Cfuel + Cenv + Cinv (10)

The environmental cost represents the penalty for CO2 emissions during system
operation [30]:

Cenv = cCO2 ×
.

mCO2 × 3, 600 (11)

where cCO2 = 0.02 $/kg is the unit CO2 emission penalty coefficient, and
.

mCO2 is the CO2

mass flow rate (kg/h).
The investment cost per component is calculated using published cost correlations.

The annualized investment cost is as follows [31]:

Cinv =
Z × (CRF + ϕ)

N
(12)

where CRF is the capital recovery factor, ϕ = 0.06 is the operation and maintenance factor,
and N is the annual operating time (6000 h/year, based on 20 h/day × 300 days/year).
The capital recovery factor is as follows [32]:

CRF =
ir(1 + ir)

l

(1 + ir)
l − 1

(13)

where ir = 12% is the discount rate and l = 15 years is the system lifetime. Component cost
equations are listed in Table 6.

Table 6. Cost equations for the main system components.

Component Cost Equation

Pump [33] ZPump = 3, 540 × WPump
0.7

Gen [34] ZGen = 130
(

AGen
0.093

)0.78
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Table 6. Cont.

Component Cost Equation

Com [35] ZCom = 7, 900 × (WCom)0.62

HX [36] ZHX = 6.534 × QHX

CC [37] ZCC = 258.656 · mair · [1+e(0.015·(Tout−1540)) ]
1,540−(Pout/Pin)

CCS [38] ZCCS = 0.504 × mCO2,Capture

Tur [39] ZTur = WTur(9, 493.2 − 707.962 ln(WTur))

3.4. Exergoeconomic Analysis

Exergoeconomic analysis combines exergy and economic principles by associating
monetary costs with exergy streams, thereby enabling a rigorous cost-based evaluation
of thermodynamic irreversibilities. The exergy loss cost rate of each component k is as
follows [40]:

Ck = ckExd,k (14)

The exergoeconomic balance equation for each component is as follows:

∑ CIn + Cinv = ∑ COut (15)

For components that produce two different product streams, costs are allocated pro-
portionally to the exergy content of each output [41]:

COut,1 = COut,2 (16)

Auxiliary equations are introduced to resolve the system of cost equations based on
the F-rule (fuel rule) and P-rule (product rule), as summarized in Table 7.

Table 7. Exergoeconomic balance and auxiliary equations for selected components.

Component Exergy Cost Balance Equations Auxiliary Equations
HX1 C12Ex12 − C13Ex13 + CHX1 = C4Ex4 − C3Ex3 c12 = c13

HX2 C5Ex5 − C6Ex6 + CHX2 = C11Ex11 − C10Ex10 c5 = c6

HX3 C34Ex34 − C35Ex35 + CHX3 = C49Ex49 − C48Ex48 c34 = c35

HX4 C45Ex45 − C46Ex46 + CHX4 = C37Ex37 − C36Ex36 c45 = c46

HX5 C38Ex38 − C39Ex39 + CHX5 = C44Ex44 − C43Ex43 c38 = c39

HX6 C41Ex41 − C42Ex42 + CHX6 = C48Ex48 − C47Ex47 c41 = c42

HX7 C7Ex7 − C8Ex8 + CHX7 = C27Ex27 − C26Ex26 c7 = c8

HX8 C23Ex23 − C24Ex24 + CHX8 = C26Ex26 − C25Ex25 c23 = c24

HX9 C29Ex29 − C30Ex30 + CHX9 = C32Ex32 − C31Ex31 c29 = c30

Mix
C1Ex1+C2Ex2 + CMix = C3Ex3

C37Ex37+C40Ex40 + CMix = C41Ex41
C33Ex33+C49Ex49 + CMix = C50Ex50

c2 = c3, c40 = c41
c33 + c49 = c50

CSep = CMix = 0

Gen C6Ex6+C7Ex7 + C44Ex44 + CGen = C34Ex34 + C38Ex38 c6 = c7

Tur C11Ex11 + CTur = C12Ex12 + CeleExele c11 = c12, ce = 0.49
CC C4Ex4 + CCC = C5Ex5 c4 = c1 + c2

CCS C16Ex16 + C8Ex8 + CCCS + C32Ex32 − C33Ex33 + C13Ex13−
C14Ex14 = C9Ex9 + C21Ex21 + C23Ex23 − C24Ex24

c32 = c33, c13 = c14
c23 = c24
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4. Results and Discussion
4.1. Energy Performance

Following the methodology outlined in Section 3.1, energy analyses were performed
for both CCHP systems. The energy flow diagram for the low-emission CCHP system
is shown in Figure 3. In this system, the 9903.42 kW (9657.88 kW + 245.54 kW, 100%) of
energy carried by the fuel serves as the primary energy source driving the entire system.
Of the heat generated by combustion, 5145.58 kW (51.96%) is used to heat the water in
the steam Rankine cycle. The steam drives a turbine to generate 1641.98 kW of electrical
power, of which 557.3 kW is used to drive the compressor in the HP system; 254.45 kW
of heat from the steam after power generation is used to preheat the fuel. Additionally,
1923.66 kW of heat is supplied to the desorption tower in the CCS system, and 1061.98 kW
of heat is supplied to the waste heat boiler. Of the high-temperature flue gas remaining after
heating the Rankine cycle, 3225.92 kW (32.57%) of heat is used to drive the generator in the
absorption refrigeration cycle, thereby achieving 1928.02 kW of cooling in the evaporator
and 4848.44 kW of hot water production in the absorber and condenser. After heating the
generator, the flue gas is directed to the HP system, where 773.46 kW (7.81%) of heat is used
to heat the heat transfer fluid. Combined with 223.76 kW of waste heat from carbon capture,
and heated by electricity generated by the turbine, this provides 454.48 kW of heat to the
desorption tower in the CCS system, while an additional 1062.5 kW of heat is supplied to
the waste heat boiler. Finally, the flue gas enters the CCS system, where 275.38 kW (2.78%)
of heat is lost. After exiting the CCS system, 483.02 kW (4.88%) of low-temperature waste
heat is lost.
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Figure 3. Energy flow chart of proposed CCHP system.

In the reference system, due to the absence of the heat pump (HP) system for waste
heat recovery, additional energy is required to drive the operation of the carbon capture
and storage (CCS) system. Consequently, only 2771.44 kW of heat from combustion is
supplied to the absorption refrigeration system, resulting in a 14.01% reduction in cooling
capacity and hot water production. However, since the generated electricity does not need
to power the compressors in the HP system, 1641.98 kW of electrical energy can be entirely
exported as the system’s electrical output. The energy flow diagram of the reference system
is shown in Figure 4.
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Figure 4. Energy flow chart of reference CCHP system.

In summary, compared with the reference system, the energy efficiency of the designed
system increases from 74.25% to 81.22%, and the waste heat recovery rate rises from 73.59%
to 89.85%, substantially reducing waste heat dissipation.

4.2. Exergy Performance

To quantify the quality of energy utilization and identify the locations of thermo-
dynamic irreversibility, exergy analyses were performed for both systems following the
approach described in Section 3.2. Table 8 provides detailed information on the main
streams. Figures 5 and 6 illustrate the exergy analysis of the proposed system and the
reference system, respectively. According to the results, the overall exergy destruction of the
designed system is reduced by 365.06 kW compared with the reference system. Specifically,
the integration of the heat pump avoids 332.25 kW of irreversible losses from combustion
heat, and the reduced availability of flue gas waste heat correspondingly decreases the
exergy destruction in the absorption refrigeration and CCS systems of the reference system.
However, due to severe waste heat dissipation, the energy output of the reference system is
significantly reduced, with an overall exergy efficiency of 53.95%, whereas the designed
system achieves an overall exergy efficiency of 65.07% owing to its superior waste heat
recovery capability.

Table 8. The thermodynamic parameters of the various flow streams of the proposed system.

Stream T (°C) P (Bar) m (kg/h) h (kJ/kg) s (kJ/(kg·K)) Exph (kW) Exch (kW) Ex (kW)
1 25.00 1.00 300.00 −4646.21 −5.02 0.00 4319.97 4319.97
2 25.00 1.00 6000.00 −0.28 0.14 0.00 13.52 13.52
3 24.99 1.00 6300.00 −221.51 −0.02 0.00 4327.83 4327.83
4 90.00 1.00 6300.00 −151.36 0.20 11.73 4327.83 4339.56
5 1878.28 1.00 6300.00 −151.36 2.46 3022.26 128.48 3150.74
6 837.71 1.00 6300.00 −1621.52 1.53 1733.91 128.48 1862.39
7 80.00 1.00 6300.00 −2543.22 0.16 736.12 128.48 864.60
8 40.00 1.00 6300.00 −2764.20 −0.51 673.51 128.48 801.99
9 63.00 1.01 5837.82 −2304.91 0.00 533.55 76.33 609.88
10 25.08 25.00 2000.00 −15,969.46 −9.32 1.57 292.96 294.53
11 1000.00 25.00 2000.00 −11,338.43 −0.94 1185.73 292.96 1478.69
12 339.04 0.40 2000.00 −12,816.22 −0.65 317.05 292.96 610.01
13 228.13 0.40 2000.00 −13,037.21 −1.05 260.21 292.96 553.17
14 80.00 0.40 2000.00 −13,321.69 −1.72 213.47 292.96 506.43
15 40.00 0.40 2000.00 −15,904.29 −9.10 0.88 292.96 293.84
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Figure 5. Exergy flow chart of proposed CCHP system.

 
Figure 6. Exergy flow chart of reference CCHP system.
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Although the integration of the heat pump system reduces electrical power generation,
its efficient waste heat recovery effectively promotes the output increase of other subsystems
and reduces irreversible losses within the system.

As illustrated in the aforementioned figures, steam power generation and absorption
refrigeration systems constitute the primary sources of irreversible losses due to intense heat
exchange processes, with their combined exergy destruction accounting for approximately
70% of the total system losses. In the reference system, the incomplete waste heat recovery
from flue gas results in additional heat entering the absorption column, leading to a
substantial exergy destruction of 1895.12 kW (27.97%) in the CCS system. The results
indicate that the combustor, absorber, and desorber exhibit the highest exergy destruction
ratios in both CCHP systems, implying significant potential for improvement in these three
components. In conclusion, the integration of the heat pump effectively reduces system
irreversible losses, while optimized design of key components will contribute to further
enhancement in system efficiency.

4.3. Working Fluid Selection for the HP Subsystem

Four common refrigerants were evaluated for the HP subsystem: R1234ze(Z), R-410A,
R1336mzz(Z), and R-245A. The simulation results are presented in Table 9. The differences
in overall system performance across working fluids are modest; however, R1234ze(Z)
achieves the highest COP (2.72) and the best system-level energy (81.22%) and exergy
(65.07%) efficiencies. Furthermore, both R1234ze(Z) and R1336mzz(Z) possess low global
warming potential values, offering favorable environmental profiles. On the basis of
thermodynamic performance and environmental sustainability, R1234ze(Z) is selected as
the working fluid for the HP subsystem.

Table 9. Simulated system performance with different HP working fluids.

Working Fluid COP Energy Efficiency (%) Exergy Efficiency (%)
R1234ze(Z) 2.72 81.22 65.07

R-410A 2.65 80.75 64.75
R1336mzz(Z) 2.68 81.12 65.01

R-245A 2.70 81.15 65.02

4.4. Life Cycle Environmental Assessment

The LCA results for the designed system are presented in Table 9. The analysis
reveals that the majority of AP, GWP, EP, and HTP impacts originate from the operational
phase, reflecting the dominance of natural gas combustion in the system’s environmental
footprint. In contrast, almost all FAETP, MAETP, and ADP impacts are attributable to the
manufacturing phase, driven by the material and manufacturing energy requirements of
the system components. TETP receives contributions from both phases.

As shown in Figure 7, the high CO2 capture rate of 90% in the CCS subsystem substan-
tially limits the operational GWP, reducing the environmental penalty cost to only 0.19 $/h.
This underscores the critical role of CCS integration in mitigating the climate impact of
natural gas-based energy systems. The contribution of each component at different stages
for each indicator is shown in Figure 8. The CC contributes more to environmental impact
in both the construction and operation phases. During operation, the CCS makes a rela-
tively large contribution to indicators such as HTP and ADP. During construction, the Com
shows a notable contribution to indicators such as TETP and FAETP.
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Figure 7. Life cycle assessment results for proposed system.
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Figure 8. Contribution of each component to environmental impact.

Refrigerant leakage is also a key factor for environmental impact in this system. This
study conducted scenario analyses for R1234ze(Z) leakage. The results are shown in
Table 10. Even under the high leakage scenario (10%/year), the contribution of R1234ze(Z)
leakage to the system life cycle GWP remains below 0.10%. This is far lower than the CO2

emission avoidance benefit from the CCS subsystem.
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Table 10. Scenario analysis results for refrigerant leakage.

Scenario Annual Leakage Rate 20-Yr Cumulative (kg) GWP Impact (kg CO2-eq) Contribution to System GWP

Baseline 0% 0 0 0%
Low 1%/yr 2.79 2.79 <0.01%

Medium 3%/yr 8.37 8.37 <0.03%
High 10%/yr 27.9 27.9 <0.10%

The LCA results provide guidance for identifying the environmental hotspots of the
system and direct future optimization efforts toward both the reduction in operational
emissions and the environmental impact of manufacturing.

4.5. Economic Analysis

Table 11 presents the total annualized cost breakdown for both systems. The introduc-
tion of the HP unit increases the investment cost from 25.73 $/h to 28.42 $/h, primarily due
to the additional compressor and heat exchangers. Since the fuel cost and environmental
cost are identical for both systems (determined by the same natural gas input and the same
CO2 capture rate), the total cost increases from 142.98 $/h to 145.67 $/h—an increase of
only 1.91%. However, the HP system significantly boosts the total energy output, which
increases by 16.02%.

Table 11. Annualized cost comparison between the designed and reference CCHP systems ($/h).

System Investment Cost Fuel Cost Environmental Cost Total Cost
Designed

System 28.42 115.94 1.31 145.67

Reference
System 25.73 115.94 1.31 142.98

As shown in Table 12, HP integration increases the unit power generation cost from
0.17 to 0.20 $/(kW·h) due to the consumption of electricity by the HP compressor, which
reduces the net electrical output from 1641.98 kW to 1081.72 kW. However, the unit energy
production cost—which accounts for the full range of system outputs including cooling
and heating—decreases from 0.04 to 0.03 $/(kW·h), reflecting the substantial gain in
total useful energy output. This trade-off between unit power generation cost and unit
energy production cost highlights the system-level advantage of HP integration: while
power generation efficiency is somewhat penalized, the overall energy utilization efficiency
and economic value of the system are markedly improved. In summary, although the
power generation cost increases slightly, system integration effectively reduces the overall
system cost.

Table 12. Economic performance comparison.

Indicator Designed System Reference System
Unit energy production cost ($/(kW·h)) 0.03 0.04
Unit power generation cost ($/(kW·h)) 0.20 0.17

4.6. Economic Sensitivity Analysis

To quantify the influence of economic parameters on system costs, a sensitivity analysis
was conducted by varying the interest rate, fuel price, system lifetime, and annual operating
hours. Parameter variations were based on the relevant literature from recent years [41].
Figure 9 shows the analysis results. As shown in Figure 9, when the interest rate and system
lifetime are varied, the unit energy production cost ranges from 0.029 to 0.033 $/(kW·h)
and the total cost ranges from 135.42 to 156.25 $/h. Total system cost correlates positively
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with interest rate and negatively with system lifetime—reflecting the amortization benefit
of longer operational periods.

6 8 10 12 14 16 18

10

12

14

16

18

20

0.03143

0.03089

0.03197

0.03035 0.03252

0.02980

0.03306

145.9

143.4

148.4

140.9 150.9

138.4

153.4

0.03209

0.03144

0.03079

0.03014

0.03274

0.02949

0.03339

149.0

146.0

143.0

140.0

152.0

137.0

155.0

6 8 10 12 14 16 18

10

12

14

16

18

20

n 
(Y

ea
rs

)

ir (%)

0.02926

0.02980

0.03035

0.03089

0.03143

0.03197

0.03252

0.03306

0.03360

CPrice,ene ($/(kW·h))Effect of n and ir on CPrice,ene

n 
(Y

ea
rs

)

ir  (%)

135.9

138.4

140.9

143.4

145.9

148.4

150.9

153.4

155.9
CTotal ($/h)Effect of n and ir on CTotal

368 372 376 380 384 388 392 396
4500

5000

5500

6000

6500

7000

7500

t (
hr

)

CFuel ($/ton)

0.02884

0.02949

0.03014

0.03079

0.03144

0.03209

0.03274

0.03339

0.03404

CPrice,ene ($/(kW·h))Effect of t and CFuel on CPrice,ene

(a) (b)

(d)(c)

368 372 376 380 384 388 392 396
4500

5000

5500

6000

6500

7000

7500

t (
hr

)

CFuel ($/ton)

134.0

137.0

140.0

143.0

146.0

149.0

152.0

155.0

158.0

CTotal ($/h)Effect of t and CFuel on CTotal

Figure 9. Effect of economic parameters on energy production cost and total cost.

When the fuel price and annual operating hours are varied, the unit energy production
cost ranges from 0.028 to 0.035 $/(kW·h) and the total cost from 133.33 to 158.33 $/h. Al-
though higher fuel prices increase total costs, longer operating hours significantly improve
cost amortization, resulting in a net reduction in the levelized total cost. In summary,
annual operating hours exert the greatest influence on system cost, followed by interest
rate, while system lifetime has the smallest effect. These findings suggest that maximizing
system utilization hours is the most effective operational strategy for reducing the levelized
cost of the proposed system.

4.7. Exergoeconomic Analysis

Figure 10 shows the exergy cost flow chart of the proposed system. The exergy cost
flow diagram illustrates the cost rates associated with each stream and component in the
designed CCHP system. Among the major components, the combustion chamber accounts
for an exergy cost loss of 13.76 $/h, HX7 for 12.91 $/h, and HX9 for 11.01 $/h, indicating
that combustion and heat exchange efficiencies urgently require improvement. The CCS
system handles 33.12 $/h of CO2-related cost flows while generating 12.91 $/h in irre-
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versibility losses, underscoring the economic significance of improving the thermochemical
performance of the desorption process.

Figure 10. Exergy cost flow chart of low-carbon-emission CCHP system.

Figure 11 presents the exergoeconomic loss distribution across all components. The
turbine (Tur1) accounts for the largest share of exergoeconomic losses at 67.02%, arising pri-
marily from the irreversibilities inherent in the power generation process. The CCS system
contributes 17.11%, mainly due to the strong thermochemical processes in the desorption
column. The compressor contributes 8.17%, resulting from compression irreversibilities.
All other components together account for the remaining 7.70%. These results clearly
identify the turbine, CCS system, and compressor as the three primary targets for future
system optimization.

The exergoeconomic analysis provides actionable guidance: optimizing the turbine
design (e.g., adopting multi-stage expansion or improved blade geometry) could substan-
tially reduce the dominant irreversibility; replacing the conventional MEA desorption
process with advanced low-regeneration-energy solvents or alternative capture configura-
tions could address the CCS-related losses; and variable-speed compressor control could
minimize compression irreversibilities under part-load conditions.
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Figure 11. Exergoeconomic loss distribution across system components.

5. Conclusions
This study has proposed and evaluated a novel low-carbon-emission CCHP system

integrating heat pump technology with an MEA-based CCS subsystem. A comprehen-
sive five-dimensional analysis framework—encompassing energy, exergy, environmental,
economic, and exergoeconomic analyses—was established and applied to benchmark the
proposed system against a conventional reference configuration. The principal conclusions
are as follows:

(1) HP technology enables multi-stage cascaded recovery of low-grade waste heat from
both the flue gas and the CCS regeneration column, elevating the system’s energy
efficiency from 74.25% to 81.22% and the waste heat recovery rate from 73.59% to
89.85%. The HP subsystem achieves a COP of 2.72 using R1234ze(Z) as the working
fluid, which was identified as the optimal choice among four candidate refrigerants.

(2) The comprehensive utilization of thermal energy substantially reduces irreversible
losses in the system. Compared with the reference system, the total exergy loss is
reduced by 365.06 kW and the exergy efficiency is improved from 53.95% to 65.07%,
while maintaining the high CO2 capture rate of 90%.

(3) HP integration increases the total system cost by only 1.91% while boosting total
useful energy output by 16.02%. The unit energy production cost decreases from 0.033
to 0.031 $/(kW·h), demonstrating a clear economic advantage in multi-generation
applications, despite a marginal increase in unit power generation cost.

(4) Exergoeconomic analysis identifies the turbine, CCS system, and compressor as
responsible for 67.02%, 17.11%, and 8.17% of total exergoeconomic losses, respectively,
and designates them as the primary targets for future component-level optimization.

The present analysis is conducted under steady-state conditions and based on the
5E analyses. However, this study still has research gaps in off-design regulation and
comprehensive performance optimization. Various feasibility issues also require further
discussion for engineering applications. Future work will address grid-interactive operation
of the proposed system and dynamic performance optimization incorporating energy
storage technologies.
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