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A B S T R A C T   

A new cogeneration system based on ORC (organic Rankine cycle) and AHP (absorption heat pump) is presented 
to achieve the dual effects of improving power output and heating capacity in a coal-fired power plant. The heat 
source for heating is firstly led into the ORC to generate power, and then is led into the AHP as the driving heat 
source to recycle waste heat from exhausted steam of the ST (steam turbine) when the energy grade is reduced to 
a level that matches with the heating energy grade. On the basis of the thermodynamic first and second law, 
focusing on 135 MW coal-fired power plant, the energy and exergy analyses of traditional cogeneration system 
and new cogeneration system with ORC and AHP have been completed. Compared to the traditional cogene-
ration system, the power output and heating capacity are respectively increased by 1.47 MW and 32,106.64 kW 
when the flow rate of heating extraction steam is 40 kg/s. The integral thermal and exergy efficiencies are 
improved by 9.38% and 1.71%. Moreover, the coal consumption decrement for power generation and heat- 
supplying both augments with increasing heating extraction flow rate and decreasing load. The new presented 
scheme can not only reduce the irreversible loss of the cogeneration system but also save coal consumption.   

1. Introduction 

With increasingly serious energy crisis and environmental pollution 
caused by fossil fuels, the energy conservation and emission reduction 
are being paid more and more attention [1]. The clean renewable en-
ergy, such as solar, geothermal, biomass, etc., are considered as prom-
ising alternative energy resources in the future [2]. However, at present, 
the renewable energy cannot be widely used due to some problems, 
including technology problem, high cost, etc [3]. In this case, energy 
conservation measure for fossil energy is an important way to alleviate 
the energy shortage and environmental pollution at present [4]. Espe-
cially for China dominated by coal, the coal-fired power generation is 
the main form of electricity production, which is an important industry 
of energy conservation and emission reduction [5]. 

Cogeneration based on energy cascade utilization has been recog-
nized as an efficient energy-saving mode due to the advantages of high 
comprehensive energy utilization efficiency and low pollution emission 
around the world [6]. At present, it has become the main heat supplying 
form in China. The energy utilization efficiency has been improved to 
some extent, there is still some energy waste in the thermal power 

plants. In particular, the waste heat of low-temperature exhausted steam 
of the units is usually discharged into the environment due to the low 
temperature, which leads to not only energy dissipation but also heat 
pollution [7]. The quality of this part of energy is low, but the amount is 
huge with a large recovery potential [8]. The development of energy- 
saving technology, such as organic Rankine cycle, heat pump technol-
ogy, electrical turbo-compounding, etc, makes it possible to recover the 
low-temperature waste heat [9]. Among them, the absorption heat 
pump is an effective way to recover the waste heat of low-temperature 
exhausted steam from steam turbine. 

In order to develop the technology of waste heat recovery by ab-
sorption heat pumps, many studies have been carried out in recent years. 
Li et al. [10] coupled an absorption heat pump to a solar tower power 
plant to recover the waste heat of exhausted steam from steam turbine to 
enhance the efficiency of solar energy utilization. The results demon-
strate that the waste heat of 914 MJ is obtained and the efficiency of 
solar energy utilization is improved by 4.55%. In the following study, 
they used an absorption heat pump to recycle the condensation waste 
heat of exhaust steam from steam turbine in a solar thermal power plant. 
The thermal efficiency can be up to 80.5% when all the condensation 
waste heat is recovered by the absorption heat pump. The energy and 
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exergy efficiency is respectively improved by 0.27% and 0.29%, and 
heating cost is greatly reduced [11]. Sun et al. [12] put forward a new 
district heating system in which the absorption heat pump and ejector 
heat exchangers are used to recover waste heat of exhaust steam from 
the steam turbine. The results show that the extraction steam con-
sumption is reduced by 41.4%, and heating capacity is increased by 
66.7% in the new heating system. Zhang et al. [13] proposed a novel 
cogeneration system based on an absorption heat pump to recover waste 
heat of exhaust steam from a coal-fired power plant. The results indicate 
that the coal consumption rate is decreased by 8.74–20.73 g/kWh, 
overall energy efficiency and exergy efficiency are respectively 
improved by 1.15%-1.91% and 1.19%-2.03% at different loads. In 
subsequent studies, they presented a new air-cooled gas-steam power 
plant equipped an absorption heat pump to recover waste heat from 
exhausted steam to replace a conventional water-cooling gas-steam 
power plant to save energy and water. The energy-saving effect of waste 
heat recovery by absorption heat pump can make up for the performance 
degradation caused by air cooling transformation [14]. Xu et al. [15] 
adopted large scale absorption heat pumps to recycle condensed waste 
heat of exhaust steam to supply heating and discussed the benefits from 
the theoretical analysis and practical test. The result shows that the 
1.27PJ waste heat can be obtained, the consumption water and CO2 
emission can be significantly reduced. Li et al. [16] adopted an ab-
sorption heat pump to recover condensation waste heat from two 300 
MW water-cooled steam turbines and compared with conventional 
heating system and high-backpressure heating system. The equivalent 
electricity for heating is reduced by 11.1%–29.4%, the overall exergy 
efficiency is improved by 6.1%–14.1%, and the heating cost is reduced 
by 8.7%–23.9%. 

As mentioned above, the significant energy-saving effect of AHP 
(absorption heat pump) that is used to recycle waste heat from 
exhausted steam of the steam turbine has been verified by many 

researches. However, the existing extraction steam in the regenerative 
system is often used as the driving heat source of AHP, so the fact that 
the energy grade of driving heat source of AHP is much higher than that 
of heat required by heat consumer to result in the mismatch between 
heating supply side and heating receiving side is usually ignored in the 
coal-fired power plants. 

Organic Rankine cycle (ORC) is an efficient method to generate 
power by medium- and low-temperature heat due to using low-boiling 
point organics as working medium [17]. The study about organic 
Rankine cycle is an important topic. Campos et al. [18] carried out 
thermoeconomic optimization on the organic Rankine cycle applied to 
recycle the waste heat of flue gas from a microturbine. The results show 
that the power output is increased by 14.1 kWe and electric efficiency is 
improved by 4.2%. Linnemann et al. [19] designed a power plant 
equipped with two cascaded organic Rankine cycles driven by the 
exhausted gas from a cogeneration power plant. The design, working 
fluid selection and initial tests were completed to obtain the max plant 
efficiency. Moreira et al. [20] analyzed thermodynamic performance of 
the organic Rankine cycles with and without regenerative form to 
recover waste heat of the cement factories. The generated power is 
increased by 4,000–9,000 kW and the carbon dioxide emission is 
reduced by 221,069 kg per year. Bălănescu and Homutescu [21] 
employed an organic Rankine cycle to recover the waste heat from flue 
gas of a gas turbine combined cycle power plant. The results indicate 
that the additional power is obtained and the efficiency is improved by 
1.1% around. Therefore, additional power can be obtained from ORC 
driven by medium- and low-temperature heat. 

A novel cogeneration scheme in which the ORC and AHP are 
simultaneously applied in the heating system is proposed to achieve the 
dual effects of improving power output and heating capacity in a coal- 
fired power plant in the paper. The high quality extraction steam for 
heating is firstly considered as driving heat source of ORC to generate 

Nomenclature 

Abbreviations 
ORC organic Rankine cycle 
AHP Absorption heat pump 
ST Steam turbine 
HPT High pressure turbine 
IPT Intermediate pressure turbine 
LPT Low pressure turbine 
ACC Air cooling condenser 
RS Regenerative system 
CP Condensate pump 
HPFWH High pressure feed-water heater 
LPFWH Low pressure feed-water heater 
HHN Heater for heating network 
HC Heat consumer 
CWCP Cooling water circulating pump 
COP Coefficient of performance 
VMP Working medium pump 
SHE Solution heat exchanger 
LHV Low calorific value of standard coal 
THA Turbine heat acceptance 

Variables 
h Steam specific enthalpy (kJ/kg) 
q Heat released by per kg extracted steam (kJ/kg) 
τ Enthalpy increment of per kg feed water (kJ/kg) 
γ Heat released by per kg drain (kJ/kg) 
t Water specific enthalpy (kJ/kg) 
G Mass flow rate (kg/s) 

η Efficiency 
Pe Power (MW) 
Q Energy (kW) 
a, b, c Mass concentration of lithium bromide 
m Standard coal consumption (kg/s) 
Ex Exergy (kW) 
W Work (kJ) 

Subscripts 
j Extraction stage j of the turbine 
fw Feed water 
abs Absorber 
con Condenser 
gen Generator 
eva Evaporator 
ps Live Steam 
rs Reheated Steam 
bl Boiler 
p Power 
h Heating 
in Inlet 
out Outlet 
r Refrigerant 
ss Strong solution 
sp Solution pump 
lths Low temperature heat source 
hcw Heating condensate water 
ws Weak solution 
th Thermal 
ex Exergy  
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power, and then as heat source for heating when its energy grade is 
reduced to a level that matches with the heating energy grade. There-
fore, the deep energy cascade utilization can be realized. It is more 
conductive to reduce the irreversible loss between heating supply side 
and heating receiving side. The scheme is more in line with the principle 
of energy cascade utilization, that is, high grade heat energy is used to 
generate power and low-grade heat energy is used to supply heating. 
Based on energy and exergy analysis methods, taking a 135 MW coal- 
fired unit in northern China as a case study, the performance analyses 
of the traditional cogeneration system and the novel cogeneration sys-
tem have been carried out. The performance changing laws have been 
revealed before and after transformation. The energy and exergy indi-
cator changes have been quantitatively displayed after the trans-
formation. FORTRAN (Formula Translation) is adopted as simulation 
software in the paper. 

2. System description 

The flow charts of traditional cogeneration system and the new 
cogeneration system with ORC and AHP are respectively illustrated in 
Figs. 1 and 2. The steam turbine (ST) consists of a HPT (High-pressure 
turbine), IPT (Intermediate-pressure turbine) and LPT (Low-pressure 
turbine). The regenerative system (RS) comprises two high pressure 
feed-water heaters (HPFWH), a deaerator and three low pressure feed- 
water heaters (LPFWH). 

2.1. Traditional cogeneration system 

As displayed in Fig. 1, only a HHN (Heater for heating network) is 
adopted to heat the backwater from heat consumer (HC) in the tradi-
tional cogeneration system. The heat source (No. 30) for heating is 
derived from the fifth stage extraction steam of ST. The condensation 

Fig. 2. Flow chart of the new cogeneration system with ORC and AHP.  

Fig. 1. Flow chart of the traditional cogeneration system.  
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water (No. 31) is led into the fourth LPFWH to return into the cycle. 

2.2. New cogeneration system with ORC and AHP 

The flow chart of the new cogeneration system is shown in Fig. 2. An 

ORC (organic Rankine cycle) and an AHP (Absorption heat pump) are 
added in the new cogeneration system. The heat source for heating still 
comes from the fifth stage extraction steam. The heat source for heating 
is firstly led into the ORC to generate power (No. 40), and then is led into 
the AHP as the driving heat source (No. 32) when the energy grade is 

Fig. 4. Schematic diagram of AHP-HHN.  

Fig. 3. Schematic diagram of ORC.  
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reduced to a level that matches the heating energy grade. The low- 
temperature heat source (No. 34) is derived from exhausted steam of 
steam turbine. The stream No. 34 is a part of the exhausted steam from 
ST. It was supposed to go into the ACC (Air cooling condenser) to be 
condensed and release heat to the atmosphere, but it is recovered as low- 
temperature heat source of AHP to recover waste heat and increase 
heating capacity in the new cogeneration system. The condensation 
water of driving and low-temperature heat source (No. 33 and 35) is led 
into the ACC to be further condensed and eventually return into the 
cycle. The backwater (No. 37) is firstly heated by AHP (No. 38), and then 
is heated to the required temperature by HHN (No. 39), instead of being 
heated only by HHN in the traditional heating system. The combined 
application of ORC and AHP can not only increase the power generation, 
but also recover the waste heat of exhausted steam for heating to in-
crease the heating capacity at the same flow rate of extraction steam for 
heating. Moreover, the energy grade difference between the heat con-
sumer and heating network can be reduced in the new cogeneration 
system, which reduces the irreversible loss and improves the energy 
utilization efficiency of the system. 

The schematic diagram of ORC is shown in Fig. 3. The driving heat 
source of ORC comes from the fifth stage extraction steam whose 
teamperature ranges from 225 to 235 ◦C at three design conditions. The 
R141b is chosen as an organic working medium in the ORC [22]. The 
schematic diagram of AHP-HHN is shown in Fig. 4. The backwater from 
HC is heated from 55 ◦C to 75 ◦C by AHP and then is heated to 85 ◦C by 
HHN. The “heat increasing type” heat pump using lithium bromide and 
water as the working pairs is adopted [23]. The single-effect absorption 
heat pump is employed in the paper. The main design parameters are 
displayed in Table 1. 

3. Thermodynamic model and assessment indicators 

The energy grade difference between the heating supply side and 
heating receiving side of the heating system can not only be reduced but 
also recover a part of waste heat of exhausted steam from ST for heating 

in the new cogeneration system. The following assumptions are adopted 
in establishing the thermodynamic model:  

(a) The original state parameters of the system remain unchanged 
before and after the transformation.  

(b) The heat losses of pipelines and equipments are ignored as well as 
the pressure drop.  

(c) The kinetic and potential energy are ignored.  
(d) The outlet of evaporator and condenser of ORC are saturated.  
(e) The system is operated in a steady state. 

3.1. Model of regenerative system 

The RS (regenerative system) incorporates two types of feed-water 
heaters. One is a closed heater and the other is an open feed-water 
heater. The feed water and extraction steam are kept separate in heat 
exchange process in a closed heater, while the both are allowed to be 
mixed in an open feed-water heater. The schematic diagrams of two 
types of feed-water heaters are exhibited in Fig. 5. 

For closed feed-water heater exhibited in Fig. 5(a), the energy bal-
ance equation can be expressed: 

τj = tj − tj− 1 (1)  

qj = hj − tsj (2)  

γj = ts(j+1) − tsj (3) 

For the open feed-water heater exhibited in Fig. 5(b), the energy 
balance equation can be expressed: 

τj = tj − tj− 1 (4)  

qj = hj − tj− 1 (5)  

γj = ts(j+1) − tj− 1 (6) 

The flow rates of extracted stages can be calculated by following 
energy-efficiency distribution matrix equation [24]: 
⎡
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(7)  

where i denotes extracted stage; Gi denotes flow rate of i extracted steam 
kg/s; Gfw denotes flow rate of feed water, kg/s. 

Fig. 5. Schematic diagrams of feed-water heaters.  

Table 1 
Main design parameters.  

Parameter Value 

Ambient temperature (◦C) 10.00 
Ambient pressure (kPa) 100.00 
COP of AHP 1.73 
Boiler efficiency 0.92 
Generator efficiency 0.99 
Low calorific value of standard coal (kJ/kg) 29,308.00 
Temperature at outlet of evaporator of ORC (◦C) 190.00 
Condensate pressure of ORC (kPa) 112.00 
Temperature of driving heat source of AHP (◦C) 150.00 
Backwater temperature (◦C) 55.00 
Backwater temperature at outlet of AHP (◦C) 75.00 
Backwater temperature at outlet of HHN (◦C) 85.00  
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3.2. Model of ORC 

The specific enthalpy at outlet of the turbine can be expressed as 
following [25]: 

h42 = h41 − (h41 − h42s) × ηt (8)  

where h41 and h42 respectively denote specific enthalpy at inlet and 
outlet of the turbine, kJ/kg; h42s denotes isentropic specific enthalpy at 
outlet of the turbine kJ/kg; ηt denotes relative internal efficiency of the 
turbine, %. 

The generation power of the turbine: 

Pet = Ggz × (h41 − h42) × ηg (9)  

where Pet denotes generation power of the turbine, kW; Ggz denotes flow 
rate of organic working medium, kg/s; ηg denotes the generator effi-
ciency, %. 

The heat released in the condenser I can be expressed: 

QcondenserI = Ggz × (h42 − h43) (10)  

where h43 denotes specific enthalpy at outlet of condenser I, kJ/kg. 
The electrical power consumed by the pump can be expressed [26]: 

Pewmp = Ggz × (h44 − h43)
/

ηwmp (11)  

PeCWCP = Gcwcp × (h46 − h45)
/

ηCWCP (12)  

where Pewmp and PeCWCP respectively denotes the electrical power 
consumed by WMP (Working medium pump) and CWCP (Cooling water 
circulating pump), kW; h44 denotes specific enthalpy at outlet of WMP, 
kJ/kg; h45 and h46 respectively denote specific enthalpy at inlet and 
outlet of CWCP, kJ/kg; ηwmp and ηCWCP denotes the efficiency of WMP 
and CWCP, %. 

The net generating power of ORC: 

Pet,net = Pet − Pewmp − PeCWCP (13) 

The exchanged heat of organic working medium in the Evaporator I 
can be expressed: 

QevaporatorI = Ggz × (h41 − h44) (14) 

The thermal and exergy efficiency of ORC can be expressed: 

ηth− ORC =
Pet,net

QcondenserI
× 100 (15)  

ηex− ORC =
Pet,net

Ex40 − Ex29
× 100 (16)  

where ηth− ORC and ηex− ORC respectively denotes the thermal and exergy 
efficiency of ORC, %;Ex40 and Ex29 denotes the exergy of inlet and outlet 
of heat source of ORC, kW. 

3.3. Model of AHP-HHN system 

The heating system is consists of an AHP and a HHN shown in Fig. 4. 
The model of each component can be expressed as follows: 

Generator (No. 45 → 49, 46) and (No. 32 → 33): 
The driving heat source provides energy to the working medium pair 

of lithium bromide solution in the generator. The equations below can 
be given on the basis of energy and quality conservation: 

Qgen = Gdhs(h32 − h33) (17)  

Gdhs(h32 − h33) = Grh49 +Gssh56 − Gwsh55 (18)  

Gws = Gss +Gr (19)  

Gwsa = Gssb+Grc (20) 

Condenser (No. 49 → 50) and (No. 48 → 38): 
The refrigerant releases heat to the backwater in the condenser. The 

equations below can be given on the basis of energy and quality 
conservation: 

Qcond = Gr(h49 − h50) (21)  

Gr(h49 − h50) = Ghcw(h38 − h48) (22) 

Throttle (No. 50 → 51): 
The throttle is adopted to decrease the pressure of the refrigerant into 

the evaporator. It can be considered an adiabatic process due to no heat 
exchange. The equations below can be given on the basis of energy 
conservation: 

h50 = h51 (23) 

Evaporator (No. 51 → 52) and (No. 34 → 35): 
The exhausted steam from ST as low-temperature heat source pro-

vides heat to the solution in the evaporator. The equations below can be 
given on the basis of energy and quality conservation: 

Qeva = Gr(h52 − h51) (24)  

Gr(h52 − h51) = Glths(h34 − h35) (25) 

Absorber (No. 52, 58 → 53) and (No.37 → 48): 
The low pressure refrigerant is absorbed by concentrated solution to 

release heat that is provided to the backwater in the absorber. The 
equations below can be given on the basis of energy and quality 
conservation: 

Qabs = Grh52 +Gssh58 − Gwsh53 (26)  

Grh52 +Gssh58 − Gwsh53 = Ghcw(h48 − h37) (27)  

Gr +Gss = Gws (28)  

Grc+Gssb = Gwsa (29) 

Solution pump (No. 53 → 54): 
The solution pump is adopted to raise the strong solution pressure at 

outlet of the absorber. The electrical power consumed by solution pump 
can be expressed: 

Pesp = Gws(h54 − h53)
/

ηsp (30) 

Solution heat exchanger (No. 54 → 55) and (56 → 57): 
The strong solution into generator is preheated by solution heat 

exchanger (SHE). The equations below can be given on the basis of 
energy and quality conservation: 

Gws(h55 − h54) = Gss(h56 − h57) (31) 

Solution valve (No. 57 → 58): 
The pressure of strong solution into the absorber is reduced by so-

lution valve. It can be considered an adiabatic process due to no heat 
exchange. The equations below can be given on the basis of energy 
conservation: 

h57 = h58 (32) 

Heater for heating network (No. 38 → 39) and (No. 30 → 31): 
The backwater is heated to the required temperature by HHN (Heater 

for heating network). The equations below can be given on the basis of 
energy conservation: 

Ghcw(h39 − h38) = Ghhes(h30 − h31) (33) 

Heat consumer (No. 39 → 37): 
The heat consumer (HC) obtains heat energy from the heating 

network. The equations below can be given on the basis of energy 
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conservation: 

Qconsumer = Ghcw(h39 − h37) (34) 

Determination of COP 
COP (Coefficient of performance) [27] is an important evaluation 

indicator for absorption heat pump. It can be calculated as follows: 

COP =
Qabs + Qcond

Qgen
(35)  

where Qabs and Qcond denotes heat exchange in absorber and condenser, 
kW; Qgen denotes heat provided by the driving heat source, kW. They 
have been displayed in Fig. 4. The COP of single-effect AHP with lithium 
bromide solution as working medium is generally 1.65–1.85 [28]. The 
COP of hot water single-effect absorption heat pumps varies between 1.5 
and 1.8 when the temperature of driving heat source is 90–130 ◦C and 
the temperature of low-grade heat source is 15–40 ◦C [29]. Abra-
hamsson et al. [30] conducted a simulation for the absorption heat 
pump with lithium bromide solution, and the value for COP is 1.80 when 
the temperature of driving heat source is 139 ◦C. The COP of AHP 
calculated in this paper is 1.73 listed in Table 1. 

3.4. Assessment indicator 

Power output, standard coal consumption, integral thermal effi-
ciency, exergy loss and integral exergy efficiency are chosen as impor-
tant assessment indicators in the traditional cogeneration system and 
new cogeneration system with ORC and AHP. 

3.4.1. Power output 
Power output of the steam turbine can be expressed as following: 

PeST= (Gps ×
(
hps − h1

)
+
∑n1

m=2

(

Gps −
∑m− 1

i=1
Gi

)

(hm− 1 − hm)+

Grs × (hrs − hn1+1) +
∑n1+n2+1

m=n1+2

(

Grs −
∑m− 1

i=n1+1
Gi

)

(hm− 1 − hm))×ηg

(36)  

where PeST denotes power output of steam turbine, kW; Gps, Gi and Grs 
respectively denotes flow rates of the primary steam, i stage extraction 
steam and reheated steam, kg/s; hps, hrs and hm respectively denotes 
specific enthalpy of the primary steam, reheated steam and m stage 
extraction steam, kJ/kg; n1, n2 denotes extraction steam stage numbers 
before and after reheating; n1 + n2 + 1 denotes the exhausted steam 
stage. 

Integral power output of the system can be expressed as follows: 

Peintegral = PeST +Pet,net (37)  

3.4.2. Heating capacity 
The heating capacity of the system can be expressed as follows: 

Qheating = G32 × (h32 − h33)+G34 × (h34 − h35)+G30 × (h30 − h31) (38)  

where Qheating denotes heating capacity of the system, kW; G34, G32 and 
G30 respectively denotes flow rates of stream No. 34, 32, 30, kg/s. 

3.4.3. Coal consumption for power generation and heat-supplying 
The overall standard coal consumption mass flow rate in the 

cogeneration system is given: 

mc =
(
Gps ×

(
hps − hfw

)
+ Grs × (hrs − hcrs)

)/
(ηbl × LHVcoal) (39)  

where mc denotes overall standard coal consumption mass flow rate, kg/ 
s; hfw and hcrs respectively denote specific enthalpy of primary feed water 
and cold reheated steam, kJ/kg; LHVcoal denotes low calorific value for 
standard coal, kJ/kg; ηbl denotes boiler efficiency, %. 

The standard coal consumption mass flow rates for heat supplying 
and power generation in the cogeneration system are given: 

mc,h = αh0 × mc (40)  

mc,p = (1 − αh0) × mc (41)  

where mc,h and mc,p respectively denote standard coal consumption mass 
flow rates for heat supplying and power generation, kg/s; αh0 denotes 
modified heating ratio that is obtained simultaneously considering both 
the quality and quantity of heating energy. 

αh0 =
αh

1 + λαh
(42)  

where αh denotes heating ratio; λ denotes correction factor that is related 
to the units; The value for λ is approximately chosen as 0.251 [31]. 

αh = Qheating/Qintegral (43)  

where Qintegral denotes integral energy input into the cogeneration sys-
tem, kW. 

Qintegral =
(
Gps ×

(
hps − hfw

)
+ Grs × (hrs − hcrs)

)/
ηbl (44) 

The coal consumptions for power generation and heating supply are 
given: 

mcr,p =
3.6 × 106 × mc,p

Pintegral
(45)  

mcr,h =
106 × mc,h

Qintegral
(46)  

where mcr,p and mcr,h respectively denotes coal consumptions for power 
generation and heating supply, g/kWh, kg/GJ. 

3.5. Exergy analysis model 

The following mass conservation equation, energy conservation 
equation, entropy equation and exergy balance equation are involved to 
complete an exergy analysis [32]. 
∑

i
(δmi)in =

∑

j

(
δmj
)

out (47)  

δQ =
∑

j

(
δmj × hj

)

out −
∑

i
(δmi × hi)in + δW (48)  

∑

i
δmisi −

∑

j
δmjsj +

∑

l

δQl

Tr,l
+ δSg = 0 (49)  

∑
Exin +

∑
ExQ −

∑
Exout − W =

∑
Exloss (50)  

where, mi and mj denotes flow rate entering into and out of the system; 
hi, hj, si and sj respectively denotes corresponding specific enthalpy and 
entropy; W denotes the work done by the system; Exin, Exout , ExQ and 
Exloss respectively denotes the exergy at the inlet, exergy at the outlet, 
exergy contained in exchanged heat and exergy loss caused by 
irreversibility. 

3.6. Integral efficiency 

The integral thermal and exergy efficiencies of the cogeneration 
system are given as following [33]: 

ηth =
Pintegral + Qheating

Qintegral
(51)  
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ηex =
Pintegral + ExQh

Exz
(52)  

where ηth and ηex respectively denotes integral thermal and exergy ef-
ficiency, %;ExQh and Exz respectively denotes exergy of heating capacity 
and integral exergy input into the system, kW. 

4. Results and discussion 

Based on the first and second laws of thermodynamics, the perfor-
mance indicators and exergy indicators of the traditional cogeneration 
system and the new cogeneration system with ORC and AHP have been 
analyzed to comprehensively reveal the performance change at 100% 
THA, 75%THA and 50%THA load before and after transformation. The 
thermodynamic parameters are exhibited at 100%THA load in Table 2 
in which values in parentheses are corresponding values of the tradi-
tional cogeneration system. The parameters outside parentheses repre-
sent thermodynamic parameters of integrated system with AHP and 
ORC, while the parameters inside parentheses represent thermodynamic 
parameters of traditional cogeneration system. The parameters without 
parentheses represent the same parameters in both systems. The per-
formance indicator comparison is shown in Table 3 at 100%THA load 
and different heating extraction steam flow rates. 

Table 2 
Thermodynamic parameters at 100%THA load when the flow rate of heating extraction steam is 40 kg/s.  

Stream no. Flow rate 
(kg/s) 

Pressure 
(kPa) 

Temperature 
(◦C) 

Specific enthalpy 
(kJ/kg) 

Specific entropy 
(kJ/(kg⋅K)) 

Specific exergy 
(kJ/kg) 

1 118.92 13240.00 535.00 3429.15 6.55 1575.40 
2 113.02 2598.00 319.80 3054.37 6.71 1156.21 
3 101.08 2598.00 319.80 3054.37 6.71 1156.21 
4 101.08 2338.00 535.00 3542.25 7.46 1431.66 
5 48.67 (48.85) 223.00 232.70 2935.65 7.59 786.94 
6 44.38 (45.85) 15.00 54.00 2519.70 7.77 321.18 
7 27.96 (45.85) 15.00 54.00 2519.70 7.77 321.18 
8 79.14 (57.92) 15.00 54.00 226.06 0.76 12.88 
9 79.14 (57.92) 1874.00 54.20 228.48 0.76 14.84 
10 79.14 (57.92) 1794.00 87.80 369.06 1.17 39.60 
11 79.14 (57.92) 1739.00 125.17 (136.96) 526.82 (577.07) 1.58 (1.71) 79.57 (94.62) 
12 97.92 1724.00 119.00 500.62 1.52 72.13 
13 97.92 1654.00 143.10 603.32 1.77 102.81 
14 118.92 1463.00 163.40 690.82 1.98 132.06 
15 118.92 16000.00 166.10 710.92 1.99 149.52 
16 118.92 16000.00 221.40 954.15 2.51 245.15 
17 118.92 16000.00 243.40 1055.15 2.71 289.57 
18 5.89 3604.00 361.00 3129.10 6.69 1236.62 
19 11.94 2598.00 319.80 3054.37 6.71 1156.21 
20 3.16 708.00 369.40 3204.65 7.53 1072.23 
21 4.15 427.00 305.70 3078.15 7.56 939.04 
22 5.10 (4.91) 223.00 232.70 2935.65 7.59 786.94 
23 4.28 (3.01) 76.00 133.20 2745.22 7.66 575.63 
24 5.89 3496.20 242.50 1049.48 2.72 278.60 
25 17.84 873.70 174.10 737.19 2.08 148.30 
26 4.15 405.40 144.10 606.82 178 103.02 
27 9.25 (9.06) 212.2 122.10 512.72 1.55 74.37 
28 13.53 (12.07) 72.30 90.80 380.33 1.20 40.67 
29 40.00 (0.00) 223.00 (0.00) 150.00 (0.00) 2767.31 (0.00) 7.23 (0.00) 721.54 (0.00) 
30 18.78 (40.00) 223.00 150.00 (232.70) 2767.31 (2935.65) 7.23 (7.59) 721.54 (786.94) 
31 18.78 (40.00) 78.600 93.00 389.59 1.23 42.76 
32 21.22 (0.00) 223.00 (0.00) 150.00 (0.00) 2767.31 (0.00) 7.23 (0.00) 721.54 (0.00) 
33 21.22 (0.00) 80.00 (0.00) 80.00 (0.00) 334.97 (0.00) 1.08 (0.00) 31.14 (0.00) 
34 16.43 (0.00) 15.00 (0.00) 54.00 (0.00) 2519.70 (0.00) 7.77 (0.00) 321.18 (0.00) 
35 16.43 (0.00) 15.00 (0.00) 54.00 (0.00) 226.06 (0.00) 0.76 (0.00) 12.88 (0.00) 
36 37.65 (0.00) 29.40 (0.00) 68.66 (0.00) 287.38 (0.00) 0.94 (0.00) 22.29 (0.00) 
37 1063.09 (808.27) 2000.00 55.00 231.93 0.77 15.42 
38 1063.09 (0.00) 1740.00 (0.00) 75.00 (0.00) 315.35 (0.00) 1.01 (0.00) 28.74 (0.00) 
39 1063.09 (808.27) 1440.00 85.00 357.03 1.13 36.76 
40 40.00 (0.00) 223.00 (0.00) 232.70 (0.00) 2935.65 (0.00) 7.59 (0.00) 786.94 (0.00)  

Table 3 
Performance indicator comparison at 100%THA load.  

Item Extraction 
flow rate (kg/ 
s) 

Original 
System 

New 
System 

Difference 

Power output (MW) 10 127.07 127.44 0.37 
20 123.51 124.24 0.73 
30 119.94 121.04 1.10 
40 116.37 117.84 1.47 

Heating capacity 
(kW) 

10 25,460.54 33,487.20 8,026.66 
20 50,921.08 66,974.41 16,053.33 
30 76,381.63 100,461.61 24,079.98 
40 101,842.17 133,948.81 32,106.64 

Coal consumption 
for power 
generation (g/ 
kWh) 

10 329.13 321.44 7.69 
20 317.37 303.29 14.08 
30 307.13 287.61 19.51 
40 298.20 273.98 24.22 

Coal consumption 
for heating (kg/ 
GJ) 

10 32.06 31.50 0.56 
20 30.36 29.37 0.99 
30 28.83 27.51 1.32 
40 27.44 25.88 1.56 

Integral thermal 
efficiency (%) 

10 42.59 44.93 2.34 
20 48.71 53.39 4.68 
30 54.82 61.85 7.03 
40 60.93 70.31 9.38  

H. Zhang et al.                                                                                                                                                                                                                                  



Energy Conversion and Management 223 (2020) 113293

9

Fig. 7. Heating capacity of original and new systems at different loads and extraction flow rates.  

Fig. 6. Power output of original and new systems at different loads and extraction flow rates.  
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4.1. Performance indicator analyses 

4.1.1. Power output 
The power output variation of the two cogeneration system is illus-

trated in Fig. 6 at different loads and flow rates of heating extraction 

steam. As shown in Fig. 6, the power output of the cogeneration system 
with ORC and AHP is larger than that of traditional cogeneration system. 
The power increment augments with the increase of the flow rate of 
heating extraction steam at the same load. The power increment in-
creases from 0.37 MW to 1.47 MW when the flow rate of heating 

Fig. 9. Coal consumption decrement variation for heat-supplying at different loads and extraction flow rates.  

Fig. 8. Coal consumption decrement variation for power generation at different loads and extraction flow rates.  
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extraction steam increase from 10 kg/s to 40 kg/s at 100% THA load. 
The reason is that the driving heat increases to increase power genera-
tion of ORC with increasing flow rate of heating extraction steam. 
Therefore, additional power can be obtained from the high-quality 
heating extraction steam in the new system, which improves the effi-
cient utilization of high-quality heat energy. 

4.1.2. Heating capacity 
The heating capacity variation of the two cogeneration system is 

shown in Fig. 7 at different loads and flow rates of heating extraction 
steam. 

The heating capacity of the cogeneration system with ORC and AHP 
is larger than that of traditional cogeneration system. It can be seen that 
the amount of heat provided for heating is decreased, but the heating 
capacity is increased in the new cogeneration system. The reason is that 
a part of waste heat from exhausted steam is recovered by AHP to supply 
heating, which uses low-grade heat energy for heating. The heating 
capacity increment augments with the increase of the flow rate of 
heating extraction steam at the same load. The heating capacity incre-
ment increases from 8,026.66 kW to 32,106.64 kW when the flow rate of 
heating extraction steam increases from 10 kg/s to 40 kg/s at 100% THA 
load. This phenomenon is caused by the increase of waste heat recovered 
by AHP with increasing extraction steam flow rate. It can be seen from 
Figs. 6 and 7 that the relatively high-quality heat energy is used to 
generate power and relatively low-quality heat energy is used to supply 
heat in the proposed cogeneration system, which can achieve the dual 
purposes of increasing power generation and heat supply. 

4.1.3. Coal consumption for power generation 
The coal consumption decrement variation for power generation of 

the two cogeneration system is exhibited in Fig. 8 at different loads and 

flow rates of heating extraction steam. 
The coal consumption for power generation in the cogeneration 

system with ORC and AHP is significantly decreased compared with the 
traditional cogeneration system. The coal consumption decrement in-
creases with the increase of flow rate of heating extraction steam at the 
same load. The coal consumption decrement increases from 7.69 g/ 
(kWh) to 24.22 g/(kWh) when the flow rate of heating extraction steam 
increases from 10 kg/s to 40 kg/s at 100% THA load. It is due to the 
increase of power generation increment with increasing extraction flow 
rate. Moreover, the difference of coal consumption for power generation 
is more obvious at lower operating loads under the same heating 
extraction flow rate. 

4.1.4. Coal consumption of heat-supplying 
The coal consumption decrement variation for heat-supplying be-

tween the two cogeneration systems is shown in Fig. 9 at different loads 
and flow rates of heating extraction steam. 

The coal consumption for heat-supplying in the cogeneration system 
with ORC and AHP is less than that of traditional cogeneration system. 
Compared with traditional cogeneration system, the coal consumption 
for heat-supplying reduces from 27.44 kg/GJ to 25.88 kg/GJ in the new 
system when the heating extraction flow rate is 40 kg/s. The reason is 
that a part of waste heat from exhausted steam is recovered by AHP to 
supply heating to increase the heating capacity. In addition, the coal 
consumption decrement for heat-supplying augments with increasing 
heating extraction flow rate and decreasing load. As can be seen from 
Figs. 8 and 9, the fuel consumption can be effectively saved in the 
proposed new cogeneration system. 

4.1.5. Integral thermal efficiency 
The integral thermal efficiency increment variation between the two 

Fig. 10. Integral thermal efficiency increment variation at different loads and extraction flow rates.  
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cogeneration systems is presented in Fig. 10 at different loads and flow 
rates of heating extraction steam. The integral thermal efficiency of the 
cogeneration system with ORC and AHP is significantly higher than that 
of traditional cogeneration system. The integral thermal efficiency 
increment augments with the increase of flow rate of heating extraction 
steam at the same load. The integral thermal efficiency increment aug-
ments from 2.34% to 9.38% when the flow rate of heating extraction 
steam increases from 10 kg/s to 40 kg/s at 100%THA load. This is 
because the power generation and heating capacity both increase with 
increasing heating extraction flow rate. Moreover, the lower the load is, 
the more significant integral thermal efficiency increment is. Therefore, 
the thermal efficiency of the whole system can be significantly improved 
in the new cogeneration system. 

4.2. Exergy analyses of the system 

In order to reveal the efficient use of energy, the exergy analyses of 
the traditional cogeneration system and the new cogeneration system 
with ORC and AHP have been performed. 

4.2.1. Exergy analyses under a specific condition 
The exergy indicator calculated results of each factor in the two 

systems are listed in Table 4 at 100%THA when the flow rate of heating 
extraction steam is 40 kg/s. As can be seen from the Table, the integral 
exergy losses are respectively 264.055 MW and 252.885 MW, and in-
tegral exergy efficiencies are 37.13% and 38.84% in the two cogenera-
tion system. Compared with traditional cogeneration system, integral 
exergy loss can be saved by 11.170 MW and integral exergy efficiency 
can be improved by 1.71% in the new cogneration system. 

Table 4 
Exergy analysis results of main facilities at 100%THA load when heating extraction flow rate is 40 kg/s.  

Item Traditional cogeneration system New cogeneration system 

Exergy loss(MW) Exergy loss rate (%) Exergy efficiency (%) Exergy loss (MW) Exergy loss rate (%) Exergy efficiency (%) 

ST HPT 5.248 1.99 89.37 5.247 2.08 89.37 
IPT 3.762 1.43 94.09 3.761 1.49 94.09 
LPT 2.346 0.89 84.33 2.300 0.91 89.34 
Σ 11.355 4.31 91.59 11.308 4.48 91.60 

RS 1#HPH 0.362 0.14 93.58 0.362 0.14 93.58 
2#HPH 1.434 0.54 88.80 1.434 0.57 88.80 
3#DH 0.400 0.15 93.37 0.400 0.16 93.37 
4#LPH 0.467 0.18 86.56 0.467 0.19 86.56 
5#LPH 0.433 0.16 88.04 0.588 0.23 84.33 
6#LPH 0.479 0.18 74.96 0.643 0.25 75.30 
Σ 3.575 1.35 93.52 3.894 1.54 90.57 

Boiler ① 3.377 1.28 — 3.377 1.34 — 
② 0.675 0.26 — 0.675 0.27 — 
③ 2.915 1.10 — 2.915 1.15 — 
④ 3.092 1.17 — 3.092 1.22 — 
⑤ 0.959 0.36 — 0.959 0.38 — 
⑥ 143.889 54.49 — 143.889 56.90 — 
⑦ 52.834 20.01 — 52.834 20.89 — 
Σ 207.742 78.67 47.63 207.742 82.15 47.63 

ACC 28.863 10.93 2.52 18.565 7.34 5.20 
AHP 0.000 0.00 0.00 5.549 2.19 71.86 
HHN 12.519 4.74 57.94 4.228 1.67 66.83 
ORC 0.000 0.00 0.00 1.600 0.63 49.62 
Whole system 264.055 100.0 37.13 252.885 100.0 38.84 

①smoke exhaust ②chemistry factor ③machinery factor ④heat dissipation ⑤boiler ash ⑥combustion ⑦heat transfer. 

Fig. 11. Exergy loss distribution of each factor at 100% THA.  
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The exnergy loss distribution of each factor is exhibited in Fig. 11. As 
shown in Fig. 11, the exergy loss factors in the first three are successively 
boiler combustion, boiler heat transfer and air cooling condenser. Their 
exergy loss rates are respectively 54.49%, 20.01%, 10.93% and 56.90%, 
20.89%, 7.34% in the two cogeneration systems. The exergy loss of each 

feed-water heater is relatively small, and the maximum exergy loss rate 
is no more than 0.6%. The exergy loss of each cylinder in the steam 
turbine does not vary greatly. Since the modification does not involve 
the boiler, the exergy loss of the boiler remains unchanged. 

The exergy loss distribution of each subsystem at 100% THA is 

Fig. 13. Exergy loss distribution of ORC.  

Fig. 12. Exergy loss distribution of each subsystem at 100% THA.  
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displayed in Fig. 12. After the modification, the exergy loss of the ST 
(steam turbine) system is slightly decreased, and that of the RS (regen-
erative system) is slightly increased. The added exergy losses caused by 
AHP and ORC are respectively 5.549 MW and 1.600 MW in the new 
system. However, the exergy losses of HHN and ACC are reduced from 
12.519 MW to 4.228 MW and 28.863 MW to 18.565 MW, which 
respectively decreases by 8.291 MW and 10.298 MW. Compared with 
traditional cogeneration system, the exergy loss of AHP and ORC are 
added, but the exergy loss of HHN and ACC are greatly reduced in the 
cogeneration system with ORC and AHP. The reason is that the com-
bined application of ORC and AHP reduces the irreversible loss of heat 
transfer in HHN and recovers waste heat from exhausted steam that 
should have been discharged into the ACC to be condensed. 

The exergy loss distribution of ORC system is shown in Fig. 13. The 
exergy losses of evaporator I and cooling tower are relatively large and 
exergy loss rates account for 35.87% and 32.91%, respectively. It indi-
cated that evaporator I and cooling tower are the most potential energy 
saving facilities in ORC system. The exergy loss can be reduced by 
reducing the heat transfer temperature difference of the evaporator I and 
recovering the waste heat of the cooling tower. The exergy loss of WMP 
(Working medium pump) and CWCP (Cooling water circulating pump) 
is relatively small and the exergy loss rates are 0.95% and 0.47%. The 
added exergy loss caused by the turbine is 222.635 kW, but additional 
power of 1435.589 kW generated by the trubine is obtained. The exergy 

efficiency of ORC system is 49.62%, which is much higer than that of the 
whole integrated system (see Table 4). It also shows that the ORC is 
more efficient for the utilizaton of medium- and low-temperature heat 
energy. 

The exergy loss variations of some subsystems at different heating 
extraction flow rates are presented in Fig. 14. As can be seen from Fig. 14 
(a), the exergy loss of air cooling condenser continuously reduces in the 
two cogeneration systems with increasing heating extraction flow rate. 
This is because the flow rate of exhausted steam from ST into air cooling 
condenser is reduced to decrease the exergy dissipation. As dispalyed in 
Fig. 14(b), the exergy loss of HHN increases with increasing heating 
extraction flow rate. This is due to exergy loss of heat transfer in HHN is 
increased with increasing heating capacity. As exhibited in Fig. 14(c) 
and (d), the exergy losses of AHP and ORC increases with increasing 
heating extraction flow rate in the new cogeneration system. Although 
the exergy losses of two subsystems both are increased, the waste heat 
recovery capacity of AHP and power generation capacity of ORC are also 
correspondingly improved. 

4.2.2. Exergy analysis at different loads and heating extraction flow rates 
The integral exergy loss variation of the two cogeneration systems at 

different loads and heating extraction flow rates is shown in Fig. 15. The 
integral exergy loss of the cogeneration system with ORC and AHP is less 
than that of traditional cogeneration system. Moreover, the integral 

Fig. 14. Exergy losses of some subsystems at different heating extraction flow rates.  
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exergy loss decrement increases with the increasing flow rate of heating 
extraction steam at the same load. As shown in Fig. 15 and Table 5, the 
integral exergy loss decrement increases from 2.830 MW to 11.160 MW 
when the flow rate of heating extraction steam increases from 10 kg/s to 
40 kg/s at 100% THA load. The reason is that the increment of heating 
capacity and power generation both increase due to combined appli-
cation of ORC and AHP with increasing heating extraction flow rate in 
the new cogeneration. 

As exhibited in Fig. 16, the integral exergy efficiency of the cogen-
eration system with ORC and AHP is significantly higher than that of 
traditional cogeneration system. The integral exergy efficiency incre-
ment augments with the increase of flow rate of heating extraction steam 
at the same load. The integral exergy efficiency increment augments 
from 0.43% to 1.71% when the flow rate of heating extraction steam 
increases from 10 kg/s to 40 kg/s at 100% THA load. The reason is that 
the power generation capacity of ORC and the waste heat recovery effect 
of AHP are both increased with increasing heating extraction flow rates. 
In addition, the lower the load is, the more significant integral exergy 
efficiency increment is. Therefore, the energy effective utilization of the 
whole system can be significantly improved in the new cogeneration 

system. 

5. Conclusions 

In the paper, a new cogeneration system based on ORC and AHP is 
proposed, and the performance analysis has been carried out in terms of 
first and second thermodynamic law. The result indicates that the dual 
purpose of increasing power output and heating capacity can be ach-
ieved in the new cogeneration system. Compared to traditional cogen-
eration system, the power output and heating capacity is increased by 
0.37–1.47 MW and 8,026.66–32,106.64 kW at 100%THA load. The in-
tegral exergy loss is reduced by 2.803–11.160 MW. The coal consump-
tion for power generation and heating-supply are both significantly 
reduced. The integral thermal and exergy efficiencies are improved by 
2.34%-9.38% and 0.43%-1.71%. In addition, the integral thermal and 
exergy efficiency increment both augment with the increase of flow rate 
of heating extraction steam. Therefore, the proposed combined appli-
cation of the ORC and AHP can not only improve the power output and 
heating capacity of the existing heat source in the cogeneration system 
but also save fuel consumption, which will bring great benefits to coal- 
fired power plants. 
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Fig. 15. Integral exergy loss at different loads and heating extraction flow rate.  

Table 5 
Integral exergy loss and efficiency at 100% THA at different heating extraction 
flow rates.  

Item Extraction flow 
rate (kg/s) 

Original 
System 

New 
System 

Difference 

Integral exergy 
loss (MW) 

10 274.211 271.408 2.803 
20 270.952 265.353 5.599 
30 267.682 259.295 8.387 
40 264.395 253.235 11.160 

Integral exergy 
efficiency (%) 

10 36.87 37.30 0.43 
20 36.96 37.81 0.85 
30 37.04 38.33 1.29 
40 37.13 38.84 1.71  
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