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Abstract: Internal combustion engine-based poly-generation systems have been widely used for energy savings 

and emissions reductions. To maximize their thermodynamic and environmental performance potentials, the 

efficient recovery of flue gas and jacket water heat is essential. In a conventional internal combustion 

engine-based steam and power cogeneration system, the low-temperature (less than 170°C) heat from flue gas and 

jacket water is usually directly discharged to the environment, which dramatically reduces the thermal and 

economic performance. In this work, a high-temperature heat pump is employed to recover this part of 

low-temperature heat for steam generation. The sensible heat of the flue gas and jacket water is cascade utilized in 

a steam generator and a heat pump. Simulation results show that the process steam yield of the proposed system is 

almost doubled (increased by 703 kg/h) compared to that of an engine-based cogeneration system without a heat 

pump. The proposed system can reduce natural gas consumption, CO2 and NOx emissions by approximately 

199 069 m3, 372.64 tons and 3.02 tons per year, respectively, with a primary energy ratio and exergy efficiency of 

72.52% and 46.28%, respectively. Moreover, the proposed system has a lower payback period with a value of 

5.11 years, and the determining factors that affect the payback period are natural gas and electricity prices. The 

total net present value of the proposed system within its lifespan is 2 441 581 USD, and an extra profit of 785 748 

USD can be obtained compared to the reference system. This is a promising approach for replacing gas boilers for 

process steam production in industrial sectors. 

Keywords: steam and power cogeneration, HACHP, ICE, high-temperature heat pump 

1. Introduction 

Currently, industry remains the largest final energy 
consumption sector, accounting for 37% of total final 
energy consumption [1], and is the key target for energy 
conservation and emission reduction. Steam is an 
important energy carrier and raw material in the chemical 
[2], food processing [3] and textile industries [4]. It is 

estimated that steam generation takes up approximately 
one-third of the overall  energy intake in the 
manufacturing industry [5]. Furthermore, the steam 
consumed in manufacturing is typically generated by gas 
boilers, which causes severe environmental problems [6]. 
Steam and power cogeneration systems not only have 
promising market prospects but also can simultaneously 
save energy and reduce emissions. Internal combustion  
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Abbreviations   

ABS Absorber REC rectifier 

ANR annual net revenue/USD SCR selective catalytic regeneration 

AP ammonia pump SP solution pump 

AUX auxiliary equipment ST steam 

CIF cash inflow/USD TIV total initial investment/ USD 

COF cash outflow/USD TNPV total net present value/USD 

COM compressor VAL valve 

CON condenser  Symbols 

ch chemical 0 environment 

ESR energy saving ratio/% A area/m2 

EVA evaporator D destruction 

HACHP hybrid absorption-compression heat pump E exergy/kW 

HEX heat exchanger M relative molecular mass 

HRSG heat recovery steam generator N year/a 

ICE internal combustion engine Q thermal energy/kW 

JW jacket water T temperature/°C 

LHV low calorific value/kJ·kg−1 W electricity/kW 

MIX mixer Z cost/USD 

NG natural gas e specific exergy/kJ·kg−1 

NPV net present value/USD ex exergy efficiency/% 

O&M operation and maintenance h specific enthalpy/kJ·kg−1 

PBP payback period/a i discount rate 

PC partial condenser m mass flow rate/kg·s−1 

PER primary energy ratio/% n equipment lifetime 

ph physical s specific entropy/kJ·(kg·K)−1 

REB reboiler x mass concentration/% 

 
engine (ICE)-based poly-generation technologies have 
received increased attention due to their high efficiency, 
reliability and modularity [7]. Numerous works on 
engine-based poly-generation systems have been 
reported that considering system design, optimization, 
and operating strategies [8]. 

For ICE-based ploy-generation systems, the efficient 
recovery of jacket water heat as well as flue gas heat is 
essential [9]. Flue gas heat, which has a higher 
temperature up to 450°C, can be used to produce steam 
or drive refrigerants for cooling [10]. Aly et al. [11] 
evaluated an engine-based diffusion absorption 
refrigerator for cooling and verified with experimental 
data. The result indicated that a maximum waste heat 
recovery of 10% can be obtained. The heat from the 
jacket water, with a temperature range from 70°C to 
100°C, is mostly employed to produce domestic hot 
water [12]. Yang et al. [13] proposed an ICE-based 
dual-fuel tri-generation system and revealed its 
thermodynamic and exergoeconomic performance. The 
jacket water heat in the proposed system is recovered by 

a plate heat exchanger to produce hot water for a 
hypothetical hotel. Javan et al. [14] analyzed an 
ICE-based tri-generation system for residential 
applications with various types of working fluids. The 
results indicated that R11 working fluid is a highly 
suitable choice in terms of both thermodynamics and 
economic performance. Yan et al. [15] investigated a 
tri-generation system for a cruise ship based on 
multi-objective optimization, noting that CO, NOx and 
SOx emissions reductions of up to 61.3% could be 
obtained. Pérez et al. [16] discussed an ICE-based 
cogeneration system to be installed in isolated 
communities from the perspective of economic and 
energetic analyses, and noted that the unit electricity cost 
was 0.022 USD/kWh with a payback period (PBP) of 5.3 
years. Segurado et al. [17] reviewed biomass-associated 
tri-generation systems from the perspective of 
techno-economic analysis. The results showed that an 
increase in the natural gas cost or a decline in the 
biomass cost could render this type of system financially 
feasible. Researchers have also considered using a 
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Rankine cycle as the bottoming cycle to recover 
low-temperature heat for power generation [18]. 
However, the high initial investment is the main barrier 
to the diffusion of this technology. 

Most ICE-based poly-generation systems have been 
developed for hotels, office buildings, data centers and 
residential buildings because these consumers possess 
hot water and/or cooling demand [19]. For industrial 
sectors, however, low-grade jacket water heat, which 
accounts for up to 30% of the entire system energy input, 
is usually directly discharged to the environment as waste 
heat because it cannot be employed to produce steam or 
electricity that is beneficial to the industry. The 
low-temperature waste heat is able to be retrieved and 
upgraded by a high-temperature heat pump [20]. 
Urbanucci et al. [21] evaluated the thermodynamic and 
economic potential of integrating high-temperature heat 
pumps into tri-generation systems. The results indicated 
that heat pump-enhanced systems can provide a cost 
savings up to 40%. To date, there is no heat pump used 
for steam generation that recovers low-temperature waste 
heat for commercial applications due to the restrictions of 
high-temperature and high-pressure ratio compressors 
[22]. A hybrid absorption-compression heat pump 
(HACHP), which adopts commercially established 
technologies (low-pressure ratio compressors, pumps and 
heat exchangers), is a promising steam production 
approach by recovering low-temperature heat [23]. 

In this work, a high-temperature heat pump enhanced 
steam and power cogeneration system is developed. In 
contrast to conventional ICE-based cogeneration systems, 

the low-temperature heat remained in the flue gas and the 
jacket water is utilized in cascades to generate 
high-quality process steam rather than discharged as 
waste or to produce low-quality hot water. As a result, the 
process steam producing gas boiler, which has high 
energy consumption and high pollution production, can 
be removed. The thermodynamic performance of this 
proposed steam and power cogeneration system is 
analyzed in comparison with that of a conventional 
ICE-based cogeneration system. Meanwhile, the 
emissions reduction potential of the proposed system is 
revealed. Then, the irreversible losses and the 
performance improvement mechanism of the proposed 
system are identified via an exergy analysis. Finally, a 
parameter analysis of the produced process steam 
pressure and an economic analysis are carried out to 
reveal the application potential of the proposed 
cogeneration system. 

2. System Description 

The proposed cogeneration system mainly consists of 
an ICE, an HRSG, an HACHP and a selective catalytic 
regeneration (SCR) denitration subsystem, as described 
in Fig. 1. The ICE acts as the prime mover to generate 
electrical power, while the HRSG and the HACHP 
subsystem serves as bottom cycle to reclaim the jacket 
water and flue gas heat for process steam generation. The 
HACHP subsystem refers to a high-temperature heat 
pump that originates from a typical ACHP system and 
can dramatically cut down the power consumption and  

 

 
 

Fig. 1  Sketch of the proposed cogeneration system 
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reduce compressor discharge temperature [23]. The 
ammonia-rich vapor (S1) from the rectifier (REC) is first 
compressed into a mid-pressure (which is determined by 
ambient temperature) ammonia-rich vapor (S2) by the 
compressor (COM), then chilled into a liquid by heat 
exchanger #1 (HEX1), heat exchanger #2 (HEX2) and a 
condenser (CON) in sequence. Then, the mid-pressure 
ammonia liquid (S5) is pumped into a high-pressure 
(which is determined by steam output temperature) 
ammonia liquid (S6) by an ammonia pump (AP). After 
that, it is heated into a superheat state (S10) by the HEX2, 
HEX3, EVA and HEX1 in sequence. Therefore, the 
power consumption is lower due to the low-pressure ratio 
for gas compression, along with the compressor 
discharge temperature decrease. The low-pressure diluted 
ammonia-water solution (S11) from the REC is pumped 
and preheated into a high-pressure ammonia-water 
solution (S13) by a solution pump (SP) and HEX4, 
respectively. Then, the ammonia-rich vapor (S10) is 
absorbed by the diluted ammonia-water solution (S13) 
resulting in a strong ammonia-water solution (S14) in the 
ABS, accompanying substantial high-temperature 
heat-releasing; this heat is used to generate 
high-temperature process steam. Notably, the 
mid-pressure in the HACHP is determined by ambient 
temperature. The ammonia-rich vapor from the rectifier 
is compressed into a pressure that can be condensed into 
a liquid at ambient temperature. The high-pressure is 
determined by steam output temperature, and 
correspondingly the pressures of S6 to S15 are 
determined. The low-pressure is determined by heat 
source temperature, which is the temperature of the 
jacket water and flue gas in this paper. The main purpose 
of this article is to study the performance of proposed 
cogeneration system rather than the heat pump itself. A 
detailed introduction of the HACHP can be found in the 
previous work of the authors [23]. The jacket water flows 
by the REC and the HEX3 in sequence to cascade utilize 
its remained heat. Similarly, the flue gas is introduced 
into the HRSG and EVA in order according to the 
cascade utilization of thermal energy. The process steam 
generated in the HRSG and the ABS is the same 
temperature.  

The reference system of this paper consists of a gas 
boiler and a conventional ICE-based cogeneration (steam 
and power) subsystem without the HACHP. The 
remained heat of the flue gas is recovered by a heat 
recovery steam generator (HRSG) to produce process 
steam. Therefore, the process steam in the reference 
system is provided by both the gas boiler and HRSG. The 
low-grade jacket water heat, which accounts for up to 
30% of the entire system energy input, is directly 
discharged to the environment as waste heat because it 
cannot be employed to produce steam or electricity that 
is beneficial to the industry in this system. 

3. Simulation and Assumptions 

In this section, mathematical models and evaluation 
criteria for evaluating the thermal and economic 
performance of the proposed cogeneration system are 
developed. Then, general assumptions and parameters are 
specified for the simulation. 

3.1 Energy analysis model 

For thermodynamic analysis, each component of the 
proposed cogeneration system is regarded as a control 
volume with solution paths, work interactions and heat 
transfer. The mass, component and energy balance of 
each control volume are described as follow: 

in out
in out

0m m                 (1) 

in in out out
in in

0m x m x              (2) 

in in out out
in out

0m h m h W Q             (3) 

where m, x and h are the mass flow rate, the ammonia 
mass fraction and the specific enthalpy of the solution, 
respectively. W and Q denote the work interaction and 
heat transfer of the control volume, respectively. The 
subscripts in and out refer to the entrance and exit of the 
control volume, respectively. The energy balance 
equation of each component in the proposed system is 
presented in Table 1. 

 
Table 1  Energy balance equation of each component 

Items Energy balance equation 

ICE mNG·LHVNG+mJW3·hJW3+mair·hair=WICE+mG1·hG1+mJW1·hJW1 

HRSG mG1·hG1=QHRSG+mG2·hG2 

REC mS16·hS16+QREB=QPC+mS1·hS1+mS11·hS11 

COM mS1·hS1+WCOM=mS2·hS2 

HEX1 mS2·hS2+mS9·hS9=mS3·hS3+mS10·hS10 

HEX2 mS3·hS3+mS6·hS6=mS4·hS4+mS7·hS7 

HEX3 mS7·hS7+mJW2·hJW2=mS8·hS8+mJW3·hJW3 

EVA mG2·hG2 =QEVA+mG3·hG3 

CON mS4·hS4=QCON+mS5·hS5 

AP mS5·hS5+WAP=mS6·hS6 

SP mS11·hS11+WSP=mS12·hS12 

HEX4 mS12·hS12+mS14·hS14=mS13·hS13+mS15·hS15 

ABS mS10·hS10+mS13·hS13=QABS+mS14·hS14 

 
Based on the first law of thermodynamics, two 

parameters (the primary energy ratio, PER, and the 
primary energy saving ratio, ESR) are employed to 
evaluate the thermodynamic performance of the proposed 
cogeneration system. The PER is the ratio of the energy 
export to the primary energy intake of the proposed 
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cogeneration system, which corresponds to the degree of 
primary energy utilization. 

output HRSG HACHP

NG

=
W Q Q

PER
Q

 
       (4) 

where QNG refers to the thermal energy intake of the 
system from natural gas, while QHRSG and QHACHP refer to 
the heat output from the HRSG and HAHCP, respectively. 
Woutput represents the electrical power output of the 
proposed cogeneration system. 

The ESR is the ratio of the decrease in energy intake 
of the proposed cogeneration system compared to that of 
conventional separate generation systems for the same 
amounts of electrical power and process steam output: 

NG NG

output HRSG HACHPS,in

grid b b

=1 =1ES
Q

W QQ
R

Q

Q
  

 
      (5) 

where QS,in refers to the natural gas energy intake of the 
separate production system. grid and b represent the 
efficiency of the grid and gas boiler, respectively. 

3.2 Exergy analysis model 

The exergy analysis model is developed to reveal the 
irreversible losses and the performance improvement 
mechanism of the proposed cogeneration system. The 
exergy balance equation of a control volume can be 
described as: 

in in out out D
1 in out

n

i
i

E m e m e W E


           (6) 

where iE , W  and DE  represent the exergy of the 

heat flow, the work interaction and the exergy destruction, 
respectively. m  and e refer to the mass flow rate and 
specific exergy of the solution flow, respectively. The 
exergy losses and destruction equation of each 
component is listed in Table 2. 

The specific exergy (e) of solution in this paper is 
considered as the sum of the chemical and physical 
exergy regardless of the kinetic and potential exergy. 

ch phe e e                   (7) 

The chemical exergy calculation formula for the 
ammonia-water solution is described as follows [24]: 

3 2

3 2

0 0
ch ch,NH ch,H O

NH H O

1x x
e e e

M M


            (8) 

where 
2

0
ch,H Oe  and 

3

0
ch,NHe  represent the chemical 

exergy of water and ammonia at standard conditions [25], 
respectively. 

The physical exergy is defined as a formula related to 
the physical states of a solution: 

   ph 0 0 0e h h T s s               (9) 

where T0, s0 
and h0 refer to the temperature, specific 

entropy and enthalpy in the dead state (at ambient 

temperature and pressure); h and s represent the specific 
entropy and enthalpy of the ammonia-water solution at 
the actual working state, respectively. 
 
Table 2  Exergy losses and destruction in each component 

Items Exergy losses and destruction 

ICE ED,ICE=ENG+EJW3‒EJW1‒EG1‒WICE

HRSG ED,HRSG=EG1+EP3‒EG2‒EP4

 

REC ED,REC=EJW1+ES16‒EJW2‒ES1‒ES11

COM ED,COM=ES1+WCOM‒ES2

 

HEX1 ED,HEX1=ES2+ES9‒ES3‒ES10

 

HEX2 ED,HEX2=ES3+ES6‒ES4‒ES7

 

HEX3 ED,HEX3=ES7+EJW2‒ES8‒EJW3

EVA ED,EVA=ES8+EG2‒ES9‒EG3

 

CON ED,CON=ES4‒ES5

 

AP ED,AP=ES5+EAP‒ES6

 

SP ED,SP=ES11+WSP‒E12

 

HEX4 ED,HEX4=ES12+ES14‒ES13‒ES15

ABS ED,ABS=ES10+ES13‒EP1‒ES14‒EP2

VAL ED,VAL=ES15‒ES16

 

 
The ratio of the sum exergy export of the ICE, HRSG 

and HACHP to the exergy input of the ICE by natural gas 
is defined as the exergy efficiency and it can be 
calculated by: 

ST
ex

f f

W E

m e
 




               (10) 

where W and EST are the output power and the steam 
exergy, respectively, mf is the fuel mass flow, and ef is the 
fuel specific exergy [26]. 

f f
0.0698

1.033 0.0169
b

e LHV
a a

      
 

    (11) 

where a and b are constants related to the fuel 
composition. LHVf is the low heating value of fuel. 

3.3 Economic analysis model 

To assess the economic performance of this proposed 
cogeneration system, the costs of the key components are 
obtained from previous open published studies. The 
initial investment of the ICE is given by [27]: 

ICE ICE= 138.71 ln( ) 1727.1Z W          (12) 

The initial investment of the HRSG [28]: 

  

0.8

ST
HRSG

i 0

ST G

=4745
log

11820 658

h
Z

T T

m m

 
   

   

        (13) 

where hST is the enthalpy transferred to steam, kW. mST 
and mG represent the mass flow rate of the steam and flue 
gas, respectively. 

The initial investment of the compressor [29]: 
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0.46
COM COM=9624.2Z W            (14) 

The initial investment of the pumps [30]: 
0.71

pump pump=3540Z W             (15) 

The cost of heat exchangers, including the HEX1, 
HEX2, HEX3, HEX4, CON, EVA, ABS and REC, are 
determined by its heat exchange area using the power law 
[31]: 

0.6

k ,= k
R k

R

A
Z Z

A

 
 
 

            (16) 

where ZR,k and AR are the reference cost and area, 
respectively, and the reference cost of each component 
with a heat exchange area of 100 m2 is presented in Table 
3 [31]. 

 
Table 3  Reference costs of heat exchangers with an area of 
100 m2 

Items Reference cost/USD 

HEX4 12 000 

ABS 16 500 

REC 17 000 

EVA, HEX1, HEX2, HEX3, CON 16 000 

 
Except for the costs of the aforementioned key 

components, the costs of auxiliary equipment (AUX) 
such as pipeline and control systems are also an 
important part of the overall initial investment. The cost 
of the AUX normally accounts for 10% to 15% that of 
the key components [32, 33], which is set as 12% in this 
paper. The total initial investment (TIV) can be calculated 
by: 

ICE HRSG HACHP AUXTIV Z Z Z Z         (17) 

where ZHACHP refers to the initial investment of the 
HACHP, including the costs of the pumps, heat 
exchangers and compressor. 

The annual net revenue (ANR) after the plant is built 
can be calculated by: 

electricity steam NG O&M= +ANR CIF CIF COF COF    (18) 

where CIF and COF represent cash inflow and cash 
outflow, respectively. Moreover, the operation and 
maintenance (O&M) cost at each year is set to 4% of the 
overall initial investment [34]. 

The net present value (NPV) is the ANR considering 
the time value of money. 

 1
n n

ANR
NPV

i



             (19) 

where i represents the discount rate [35]. Notably, NPV0 
refers to the total initial investment. 

The total net present value (TNPV) in this paper is 
defined as: 

0

n
n nTNPV NPV              (20) 

The PBP is given by:  
1

0
1

n
n

n

NPV
PBP N

NPV



  


        (21) 

where N refers to the year when the TNPV is positive. 

3.4 Assumption and parameter specification 

To assess the thermodynamic performance of the 
proposed cogeneration system, a Caterpillar internal 
combustion engine (CAT G3512E) with a capacity of 
1200 kW is adopted as the prime mover; its key 
parameters are summarized in Table 4. The model of ICE 
that was proposed by Sanaye et al. [36] is used to 
calculate the engine characteristics at various operating 
conditions, which has been demonstrated to be consistent 
with the experimental data of an ICE of type CAT 
G3512E [37]. Additional simulation parameters, 
including the parameters for economic and 
environmental analysis, are presented in Table 5 [38, 39]. 
The proposed cogeneration system is modelled 
employing the Engineering Equation Solver (EES) [40].  
 
Table 4  Main parameter of the ICE CAT G3512E 

Item Value Item Value 

No. of cylinders 12 Compression ratio 11.9 

Rated power/kW 1200 Exhaust flow/L 52 

Engine 
speed/r·min−1 

1500 Rated efficiency/% 42 

 
Table 5  Additional parameters for the simulation 

Items Value 

Ambient temperature/°C 25 

Efficiency of the gas boiler/% 90 

Efficiency of the grid/% 35 

LHV of natural gas/kJ·m−3 36 620 

Ammonia mass fraction in strong solution/% 33 

Natural gas CO2 emission factor/g·kWh−1 184 

Natural gas NOx emission factor/g·kWh−1 1.49 

Plant lifespan/a 20 

Natural gas price/USD·m−3 0.35 

Electricity price/USD·kWh−1 0.12 

Steam price/USD·kg−1 0.013 

Nominal interest ratio/% 7 

Inflation rate/% 2 

4. Results and Discussion 

The thermodynamic and environmental performance 
of this proposed cogeneration system in the basic case is 
revealed via an energy analysis in Section 4.1. Then, the 
performance improvement mechanism of this proposed 
cogeneration system is revealed via exergy analysis in 
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Section 4.2. Furthermore, to assess the application 
potential of the proposed cogeneration system, an 
economic analysis is conducted in Section 4.3. 

4.1 Thermodynamic performance comparison 

The flow properties at different state points in Fig. 1 
are summarized in Table 6. The high-temperature (above 
171.84°C) flue gas heat is directly transported to the 
process  s team through the  HRSG, whi le  the 
low-temperature (below 171.84°C) heat is recovered by 
the evaporator of the HACHP subsystem. The 
temperature of flue gas discharged to the environment, 
which is usually as high as 170°C for a conventional 
ICE-based CHP system without the HACHP, decreases to 
91.02°C in the proposed cogeneration system. Similarly, 
the jacket water with a higher temperature (from 90°C to 
83.13°C) acts as the heat source of the reboiler in the 
HACHP subsystem, while its low-temperature (from 
83.13°C to 79.87°C) heat is utilized to preheat the 
ammonia solution in HEX3. The process steam  
 
Table 6  Flow properties at different state points in Fig. 1 

Item 
T 

/°C 
p 

/MPa 
m 

/kg·h−1 
h 

/kJ·kg−1 
s 

/kJ·(kg·K)−1
E 

/kW 

S1 64.15 0.34  1500 ‒3122 ‒5.94 75.48

S2 190.00 1.16  1500 ‒2844 ‒5.81 175.98

S3 131.52 1.16  1500 ‒2990 ‒6.15 157.13

S4 47.69 1.16  1500 ‒3431 ‒7.40 128.62

S5 31.34 1.16  1500 ‒4486 ‒10.83 115.51

S6 32.10 3.45  1500 ‒4481 ‒10.83 117.07

S7 75.10 3.45  1500 ‒4040 ‒9.52 138.31

S8 81.02 3.45  1500 ‒3557 ‒8.14 168.24

S9 116.52 3.45  1500 ‒3169 ‒7.09 199.01

S10 142.98 3.45  1500 ‒3024 ‒6.72 214.34

S11 79.68 0.34  8500 ‒13 170 ‒8.86 47.21

S12 80.14 3.45  8500 ‒13 166 ‒8.86 55.87

S13 151.80 3.45  8500 ‒12 835 ‒8.00 237.55

S14 156.80 3.45  10 000 ‒11 527 ‒8.17 312.52

S15 99.17 3.45  10 000 ‒11 808 ‒8.87 112.32

S16 68.52 0.34  10 000 ‒11 808 ‒8.84 82.26

G1 434.08 0.10  6511 ‒1793 1.01 334.65

G2 171.84 0.10  6511 ‒2095 0.48 75.78

G3 91.02 0.10  6511 ‒2184 0.25 33.58

JW1 90.00 0.10  53 082 ‒15 594 ‒8.24 382.36

JW2 83.13 0.10  53 082 ‒15 623 ‒8.32 309.64

JW3 79.87 0.10  53 082 ‒15 637 ‒8.35 277.58

P1 100.00 0.50  703 ‒15 552 ‒8.12 6.71 

P2 152.16 0.50  703 ‒13 224 ‒2.61 140.40

P3 100.00 0.50  844 ‒15 552 ‒8.12 8.05 

P4 151.83 0.50  844 ‒13 224 ‒2.61 168.46

 
 

Fig. 2  T-s diagram of the proposed system 

 
production is increased by 703 kg/h via the heat recovery 
of the flue gas and jacket water. A T-s diagram is shown 
in Fig. 2 to present the proposed system more intuitively. 

The energy balance and thermodynamic performances 
of the investigated systems are listed in Table 7. With an 
intake natural gas flow rate of 280.88 m3/h, the proposed 
cogeneration system can simultaneously produce 1071.84 
kW of electrical power and 1000.18 kW of process steam 
at 0.5 MPa. The reference system of this paper consists 
of a gas boiler, a conventional ICE-based steam and 
power cogeneration subsystem without the HACHP. To 
produce the same amounts of products, a natural gas 
consumption of 309.32 m3/h is required for the reference 
cogeneration system, including the natural gas intake of 
the ICE-based cogeneration subsystem with a value of 
250.35 m3/h and that of the gas boiler with a value of 
58.96 m3/h. For the same amount of net electricity output, 
the natural gas consumed by the ICE in the proposed 
system is slightly higher (with a value of 30.53 m3/h) 
than that of the ICE in the reference cogeneration system 
due to the power consumption of the HACHP, which 
enables the proposed system to produce more steam (703 
kg/h). To produce the same amount of process steam, 
extra natural gas with a value of 58.96 m3/h, which is 
consumed by the gas boiler, is needed for the reference 
cogeneration system. In total, there is a natural gas 
savings potential of up to 199 069 m3 per year, 
considering an annual operating time of 7000 hours. 

The total heat loss in this proposed cogeneration 
system is 785.12 kW, and approximately 26.93% of the 
heat loss is avoided compared to the reference 
cogeneration system. More specifically, the amount of 
heat discharged to the environment by the ICE flue gas is 
reduced by 50%; all heat extracted from ICE by jacket 
water is recovered by the HACHP, and a heat loss of 
59.98 kW caused by the gas boiler flue gas is avoided. 
There is an increased heat loss with a value of 4310.13 
kW for the proposed system, which is removed by the  
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Table 7  Thermodynamic performance of the investigated systems 

Item 
Proposed system Reference system 

ICE-HRSG-HACHP Sum ICE-HRSG Gas boiler 

Natural gas intake     

Volume flow rate/m3·h−1 280.88 309.32 250.35 58.96 

Energy input/kW 2857.14 3146.46 2546.66 599.80 

Net electricity output/kW 1071.84 1071.84 1071.84 ‒ 

Electricity generation/kW 1200 1071.84 1071.84 ‒ 

HACHP consumption/kW ‒128.16 ‒ ‒ ‒ 

Steam generation     

Steam heat output/kW 1000.18 1000.18 460.36 539.82 

Steam flow rate/kg·h−1 1546.80 1546.80 711.96 834.84 

Heat loss/kW 785.12 1074.44 1014.46 59.98 

Flue gas/kW 123.71 290.16 230.18 59.98 

Jacket water/kW ‒ 569.71 569.71 ‒ 

Cooling water/kW 439.72 ‒ ‒ ‒ 

Other loss/kW 221.69 211.35 211.35 ‒ 

PER/% 72.52 65.85 

ESR/% 22.01 14.11 

 
cooling water of the condenser in the HACHP. The 
remaining heat loss, which mainly occurs in the ICE, in 
the proposed system (221.69 kW) is slightly higher than 
that in the reference cogeneration system (211.35 kW) 
due to the higher operating load. Finally, the PER and the 
ESR of the proposed system reach 72.52% and 22.01%, 
which are increased by 10.13% and 55.98% compared to 
those of the reference cogeneration system, respectively. 

The emissions of the proposed and reference 
cogeneration systems are calculated using the CO2 and 
NOx emission factors of the natural gas, as presented in 
Fig. 3, including the CO2 and NOx emission rates. The 
CO2 emission rate in the proposed cogeneration system is 
approximately 525.71 kg/h, which is decreased by 9.19% 
compared to the reference cogeneration system. The NOx 
emission rates of the proposed cogeneration system and 
reference cogeneration system are approximately 4.26 
kg/h and 4.69 kg/h, respectively. Hence, the proposed 
cogeneration system would reduce CO2 and NOx 
emissions by approximately 372.64 tons and 3.02 tons 
per year, respectively, compared to the reference 
cogeneration system. 

4.2 Performance improvement mechanism 

An exergy analysis is conducted to assess the 
performance improvement mechanism of the proposed 
cogeneration system. With an exergy intake of 2951.26 
kW, the exergy balance results of this proposed 
cogeneration system are presented in Fig. 4. The exergy 
outputs, in the forms of steam and electricity, are 294.09 
kW (9.96%) and 1071.84 kW (36.32%), respectively. 

 
 

Fig. 3  Emission reduction performance of the proposed 
cogeneration system 

 
The results show that the exergy destruction is mainly 
distributed at the ICE, which takes 44.45% of the total 
fuel exergy (2951.26 kW) input. This is due to the 
considerable chemical exergy destruction of the 
combustion process. The exergy destructions of the 
HRSG and the flue gas are 98.47 kW (3.34%) and 33.58 
kW (1.14%), respectively. Furthermore, the total exergy 
destruction in the HACHP is 141.45 kW (4.79%), while 
the exergy destruction at each component of the HACHP 
subsystem is no more than 1.2%; hence, the exergy of the 
jacket water and the HRSG flue gas are well utilized.  

The comparison results of the investigated systems 
under exergy analysis are summarized in Table 8. For the 
same amount of product generation, the exergy demand 
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Fig. 4  Exergy balance of the proposed cogeneration system 

 
Table 8  Comparison of the investigated systems under exergy analysis 

Item 
Proposed cogeneration system Reference cogeneration system 

Value/kW Ratio/% Value/kW Ratio/% 

Exergy input 2951.26 100 3250.10 100 

ICE 2951.26 100 2630.55 80.94 

Gas boiler ‒ ‒ 619.55 19.06 

Exergy destruction 1547.69 52.44 1625.65 50.02 

Combustion process 1311.83 44.45 1338.02 41.17 

ICE 1311.83 44.45 1169.26 35.98 

Gas boiler ‒ ‒ 168.76 5.19 

Heat transfer process 150.39 5.10 287.63 8.85 

HRSG 98.47 3.34 87.77 2.70 

Heat exchangers 42.87 1.45 ‒ ‒ 

CON 9.05 0.31 ‒ ‒ 

Gas boiler ‒ ‒ 199.86 6.15 

Pressure change process 47.49 1.61 ‒ ‒ 

Absorption and desorption process 37.98 1.29 ‒ ‒ 

Exergy loss 37.64 1.28 260.30 8.01 

Flue gas 33.58 1.14 83.45 2.57 

ICE 33.58 1.14 67.55 2.08 

Gas boiler ‒ ‒ 15.91 0.49 

Jacket water ‒ ‒ 93.39 2.87 

Cooling water 4.06 0.14 ‒ ‒ 

Exergy output 1365.93 46.28 1364.15 41.97 

Electricity 1071.84 36.32 1070.06 32.92 

Steam 294.09 9.96 294.09 9.05 

HRSG 160.43 5.44 143.00 4.40 

HACHP 133.66 4.53 ‒ ‒ 

Gas boiler ‒ ‒ 151.10 4.65 

Exergy efficiency/% 46.28 41.97 
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for the reference cogeneration system is 3250.10 kW, 
including the exergy intake of the ICE with a value of 
2630.55 kW and the exergy consumption of the gas 
boiler with a value of 619.55 kW. The exergy 
destructions of this proposed cogeneration system and 
reference cogeneration system are 1547.69 kW and 
1625.65 kW, respectively. The exergy destruction occurs 
during the combustion process and the heat transfer 
process for both investigated systems, and the extra 
exergy destruction takes place during the pressure change 
process, the absorption and desorption process for this 
proposed cogeneration system. The exergy destructions 
in the combustion process of the proposed cogeneration 
system is 1311.83 kW, which is decreased by 1.96% 
compared to that of the reference cogeneration system. 
This result can be attributed to the absence of the gas 
boiler, which causes an exergy destruction of 168.76 kW 
during the combustion process for the reference 
cogeneration system. The exergy destructions that occur 
in the heat transfer process of the proposed system 
(150.39 kW) decreased by 47.71% compared to the 
reference cogeneration system (287.63 kW). Although 
the heat exchangers (HEX1, HEX2, HEX3, HEX4 and 
EVA) and CON in the proposed cogeneration system 
bring an additional exergy destruction of 42.87 kW, 
199.86 kW of exergy destruction is avoided due to the 
absence of the gas boiler. The exergy destructions in the 
pressure change (in the COM, AP, SP and VAL), 
absorption and desorption processes are 47.49 kW 
(1.61%) and 37.98 kW (1.29%), respectively. Compared 
to the reference cogeneration system, the exergy 
discharged to the environment is dramatically decreased 
from 260.30 kW to 37.64 kW due to the heat recovery of 
the jacket water and flue gas. The exergy removed by the 
flue gas is reduced by 59.77% due to the heat recovery of 
the flue gas and the absence of the gas boiler. Moreover, 
an exergy loss with a value of 93.39 kW (2.87%) is 
avoided because of the heat recovery of the jacket water. 
In contrast, the exergy loss caused by cooling water in 

the proposed system with a value of 4.06 kW (0.14%) is 
negligible. Finally, the exergy efficiency obtained by this 
proposed cogeneration system reaches 46.28%, which is 
10.27% higher than that obtained by the reference 
cogeneration system. 

To gain a more intuitive perspective on the exergy 
distribution at each part of this proposed cogeneration 
system and to determine the potential for further 
performance improvements, the exergy efficiency of each 
component in the proposed cogeneration system is 
presented in Fig. 5. The ICE shows the lowest value, 
followed by the HRSG, and the exergy efficiencies of all 
these components are below 70%. More attention should 
be focused on the ICE and the HRSG for further 
performance improvement of the proposed system. 

4.3 Application potential 

The performances of the proposed cogeneration 
system for the generation of process steam at various 
pressures are presented in Fig. 6. As the produced steam 
pressure increases from 0.2 MPa to 0.6 MPa, the steam 
heat output decreases from 1050.38 kW to 977.68 kW  

 

 
 

Fig. 5  Exergy efficiency of each component in the proposed 
cogeneration system 

 

 
 

Fig. 6  Effects of produced process steam pressure 
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because of the increase in the discharged flue gas 
temperature for high-pressure steam production. The 
electricity output of the proposed system shows only a 
small decrease with the steam pressure varying from 0.2 
MPa to 0.6 MPa. This slight decrease comes from the 
increased electricity consumption of the HACHP. A 
higher absorption pressure, which causes more electricity 
consumption for the pumps (the AP and SP), is required 
for higher pressure steam production. An increase in the 
absorption pressure is realized with liquid compression, 
so there is only a slight increase in the electrical power 
intake in the HACHP. With the increase in the produced 
steam pressure, both the PER and the ESR decrease. The 
PER decreases from 74.47% to 71.64%, and the ESR 
decreases from 23.34% to 21.34% when the produced 
steam pressure rises from 0.2 MPa to 0.6 MPa. This 
result occurs because the temperature of the flue gas 
discharged into the environment rises with the increase in 
the steam pressure, and more heat is lost to the 
environment correspondingly. Interestingly, the exergy 
efficiency of the proposed system shows a slight increase, 
varying from 45.09% to 46.31%, with the increase in the 
steam pressure. The exergy output of the proposed 
system increases from 1330.74 kW to 1367 kW 
regardless of the decrease in both the heat and electricity 
output. The exergy output increase mainly comes from 
the increased steam quality, which increases the steam 
exergy output by 17%. As the produced process steam 
pressure varies from 0.2 MPa to 0.6 MPa, variations in 
the PER, the ESR and exergy efficiency are less than 
three percentage points, and the proposed system is 
suitable for electricity and steam cogeneration. 

To assess the application potential of the proposed 
cogeneration system, the economic analysis results of the 
investigated systems are summarized in Table 9. To 
recover the low-temperature heat remained in the HRSG 
flue gas and the jacket water, an additional initial 
investment of 104 979 USD in the HACHP is required. 
Meanwhile, the initial investment of the gas boiler with a 
value of 51 856 USD can be avoided. The total initial 
investment required for the proposed cogeneration 
system increases by 4.70% compared with that of the 
reference cogeneration system after considering their 
AUXs. This proposed cogeneration system has a higher 
O&M cost than the reference cogeneration system, with a 
value of 6375 USD. This higher cost occurs because the 
proposed cogeneration system is relatively complex and 
has a higher initial investment compared to the reference 
cogeneration system. The annual fuel cost in this 
proposed cogeneration system is 688 149 USD, and the 
annual cost savings on fuel in the proposed cogeneration 
system reaches 69 682 USD compared to the reference 
cogeneration system. Consequently, the annual net 
revenue in the proposed cogeneration system (299 894 

USD) is 28.94% higher than that in the reference 
cogeneration system (232 592 USD). The PBP of this 
proposed cogeneration system and the reference 
cogeneration system is 5.11 years and 6.50 years, 
respectively. The TNPV of the investigated systems 
varies with their operating times are presented in Fig. 7. 
Although the initial investment in this proposed 
cogeneration system is higher, the TNPV of this proposed 
cogeneration system exceeds that of the reference 
cogeneration system for no more than two years of 
operation. Then, the difference between the TNPV of the 
two investigated systems increases rapidly. The TNPV of 
the proposed and reference cogeneration systems at the 
end of their lifespans is 2 441 581 USD and 1 655 833 
USD, respectively. A profit of 785 748 USD can be 
obtained by employing the proposed cogeneration system 
instead of the reference cogeneration system. 
 
Table 9  Economic performances of the investigated systems 

Items 
Proposed 

cogeneration 
system 

Reference 
cogeneration 

system 

Initial investment/USD 1 326 596 1 267 099 

ICE/USD 892 448 892 448 

HRSG/USD 187 034 187 034 

HACHP 104 979 ‒ 

Gas boiler/USD ‒ 51 856 

Auxiliary equipment/USD 142 135 13 5761 

Annual net revenue/USD·a−1 299 894 232 592 

Electricity/USD·a−1 900 347 900 347 

Steam/USD·a−1 140 759 140 759 

Fuel/USD·a−1 ‒688 149 ‒757 830 

O&M cost/USD·a−1 ‒53 064 ‒50 684 

TNPV/USD 2 441 581 1 655 833 

PBP/a 5.11 6.50 

 

 
 

Fig. 7  The total net present value varies with the operation 
time 
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Fig. 8  The payback period varies with plant investment and revenue 

 
The PBP of the proposed cogeneration system is 

determined under a series of fixed economic parameters 
and constant component costs; however, these parameters 
and costs are different from place to place and time to 
time in practice. It is important to reveal the effects of 
these parameters and costs on the PBP of the proposed 
cogeneration system, which can provide more useful 
information for investors. A variation of ±20% in these 
parameters and costs is selected to investigate their 
effects on the PBP, and the results are presented in Fig. 8. 
The variation of the PBP is less than one year for most of 
these investigated parameters, except for the ICE cost, 
the electricity price and the natural gas price. The results 
indicate that if the electricity price, the steam price and 
the inflation rate increase or if the ICE cost, the HRSG 
cost, the HACHP cost, the O&M cost, the AUX cost, the 
natural gas price and nominal interest ratio decrease, the 
PBP will be shortened and the proposed cogeneration 
system will be more attractive to investors. The price of 
electricity is the largest influencing factor, followed by 
the natural gas price, the ICE cost and the steam price, 
while the effects of other investigated parameters are 
insignificant (less than a half year). A price drop of 
electricity by 20% will directly make it take more than 
four-fifths of the lifespan of the proposed cogeneration 
system to recover its investment. In contrast, the 
investment of the proposed cogeneration system can be 
reclaimed in approximately three years when the 
electricity price increases to 0.144 USD/kWh (+20%). 
The PBP increases from 3.358 years to 10.79 years when 
the price of natural gas varies from 0.28 USD/m3 to 0.42 
USD/m3 (‒20% to +20%). The PBP varies between 4.125 

years and 6.199 years when the variation of the ICE cost 
is less than 20% (varies between 713 958 USD and 
1 070 938 USD). The PBP decreases to 4.621 years when 
the price of steam increases to 0.0156 USD/kg (+20%); 
by contrast, the value will increase to 5.718 years when 
the price of steam drops to 0.0104 USD/kg (‒20%). 

5. Conclusion 

A high-temperature heat pump enhanced steam and 
power cogeneration system is proposed in this work. The 
effects of the heat pump on the thermodynamic, 
environmental protection, economic performances of the 
cogeneration system are identified. The low-temperature 
heat that cannot generate steam is recovered and 
upgraded by the heat pump to generate high-temperature 
process steam. Based on the simulation results, the 
energy can be used more efficiently, economically and 
cleanly in the proposed cogeneration system. The main 
conclusions obtained in this work are presented as 
follows: 

(1) According to the energy analysis, the primary 
energy ratio and the energy saving ratio in the proposed 
cogeneration system reach 72.52% and 22.01%, which 
are 10.13% and 55.98% higher than those in the 
reference cogeneration system without heat pump, 
respectively. 

(2) The proposed cogeneration system has better 
environmental performance. A CO2 and NOx emission 
reduction of 9.19% can be obtained compared to the 
system without the heat pump, which means 
approximately 372.64 tons of CO2 and 3.02 tons of NOx 
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emission can be avoided per year. 
(3) The exergy efficiency of the proposed 

cogeneration system (46.28%) increases by 10.13% 
compared to that of the system without the heat pump. 
The exergy destruction in each component of the 
HACHP subsystem is no more than 1.2% owing to the 
cascade utilization of the HRSG flue gas and the jacket 
water residual energies. 

(4) The payback period of this proposed cogeneration 
system is 5.11 years, which is 21.38% shorter than that of 
the system without low-temperature heat recovery. The 
total net present value of this proposed cogeneration 
system at the end of its lifespans is 2 441 581 USD and a 
profit of 785 748 USD can be obtained by employing the 
proposed cogeneration system instead of the reference 
cogeneration system. Natural gas and electricity prices 
are the determining factors affecting the payback period. 
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Appendix A: Parameters and model of the primary mover 

The ICE model developed by Sanaye et al. [36] is adopted to calculate the engine characteristics at various operating 
conditions, which has been verified to agree well with the experimental data of an ICE (with the type CAT G3512E) 
[37]. 

The fuel mass flow rate consumption at part load (PL): 

   f ICE,00.02836 exp 3.254 0.2556 exp 1.912m PL PL m                          (A.1) 

where PL is the part load of the ICE, which is in the range of 0 to 1. mICE,0 is the nominal fuel mass flow rate, m3/h. 
Then, the thermal energy input can be calculated by: 

f f
fuel

LHV

3600

m
Q


                                     (A.2) 

where LHVf is the low calorific value of fuel, kJ/m3. 
The thermal efficiency at part load: 

   ICE ICE,0= 1.07 exp 0.05736 1.259 exp 5.367PL PL                         (A.3) 

where ICE,0 represents the nominal efficiency of the ICE. 
The electric power export of the ICE can be obtained by: 

ICE ICE fuelP Q                                      (A.4) 

The thermal energy could be recovered from jacket water and flue gas: 

 2
fg fuel0.1016 0.1423 0.3172Q PL PL Q                           (A.5) 

   jw fuel0.2401 exp 2.48 0.1535 exp 0.2822Q PL PL Q                         (A.6) 

Then, the heat loss of the ICE can be obtained according to the energy balance: 

loss fuel fg jw ICEQ Q Q Q P                                  (A.7) 

The flue gas temperature at the ICE outlet under part load conditions is calculated as follows based on the actual 
operating data of the ICE CAT G3512E. 

2
fg 658.66 334.06 109.48T PL PL                              (A.8) 


