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Abstract

Due to the existing huge biogas resource in the rural area of China, biogas is widely used for production
and living. Cogeneration system provides an opportunity to realize the balanced utilization of the renewable
energy such as biogas and solar energy. This paper presented a numerical investigation of a hybrid
energy-driven organic Rankine cycle (ORC) cogeneration system, involving a solar organic Rankine cycle
and a biogas boiler. The biogas boiler with a module of solar Parabolic-Trough Collectors (PTC) is
employed to provide heat source to the ORC via two distinct intermediate pressurized circuits. The
cogeneration supplied the power to the air-condition in summer condition.and.hot water, which is heated in
the condenser, in winter condition. The system performance under. the subcritical pressures has been
assessed according to the energy-exergy and economic analysis with.the-organic working fluid R123. The
effects of various parameters such as the evaporation and condensation temperatures on system performance
were investigated. The net power generation efficiency of the cogeneration system is 11.17%, which is 25.8%
higher than that of the base system at an evaporation temperature 110 °C. The exergy efficiency of organic
Rankine cycle (ORC) system increases from 35.2% to 38.2%. Moreover, an economic analysis of the system
is carried out. The results demonstrate that the profits generated from the reduction of biogas fuel and
electricity consumption can lead to a significant saving, resulting in an approximate annual saving from
$1,700 to $3,000. Finally, a case study based.on the consideration of typical rural residence was performed,
which needs a payback period of 7.8 years under the best case.

Keywords: Organic Rankine cycle (ORC), Combined heat and power (CHP), Cogeneration, Biogas, Solar,
Economic

Introduction

The efficient use of renewable sources such as solar, biogas and geothermal heat is a significant trend in the
future development of China's energy industry, these renewable sources of low and medium grade heat play a
key role in displacing the consumption of fossil fuels (Yan Yunfei et al. 2016; Huang Huilane et al. 2015; Liu
Qiang et al. 2016; Markides et al. 2015). The multi-generation system can realize the balanced utilization of
system energy through the combination of technology, which is regarded as the developmental direction of
clean energy efficient utilization (Fang Sun et al. 2009).

Combined heat and power (CHP), also called cogeneration, has the characteristics of energy cascade
utilization and higher energy efficiency. The concept of cogeneration aims to combine electricity production
with the simultaneous utilization of recoverable energy from the process in order to meet demands for heating.
Additional benefits may be realized by serving low temperature heat demands with the discharged
cogenerated heat as in renewable sources (e.g., solar) combined heat and power (CHP) applications, thus
significantly increasing the system efficiency (Freeman et al. 2015; Calise et al. 2012; Guarracino et al. 2016;
Ramos et al. 2017; Tchanche et al. 2011).

At present, various hybrid routines are available and numerous solar-biomass hybrid utilization systems
have been developed. Some researchers proposed and evaluated solar-biomass gasification system for
producing the electricity and methanol, and some cogeneration system driven by hybrid energy were
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experimentally studied and thermodynamically evaluated (Bai et al. 2015; Zeng et al. 2015; Liao et al. 2015;
Wang et al. 2016). Besides, numerous researchers devoted much efforts on optimization with either
thermodynamic performance (thermal efficiency, net electricity output, exergy efficiency) or economic factors
(levelized energy cost, heat exchanger area per unit power output, specific investment cost) (Guo et al. 2011;
Wang Jiangfeng et al. 2010; Sadeghi et al. 2016; Vetter et al. 2013; Delgado-Torres et al. 2010; Katsanos et al.
2012; Liu Qiang et al. 2014). Meanwhile, some studies also carried on the optimization considering both
thermodynamic performance and economic factors simultaneously (Delgado-Torres et al. 2010; Li You-Rong
et al. 2014; Li Chun 2015). In Greece, a thermodynamic modeling and economic analysis of a micro-scale
multi-generation system utilizing biomass fuel and solar power was carried out (Karellas S. et al.2015). The
net electricity efficiency was 2.38% when the heat source temperature was 90 °C. Al-Sulaiman et al. simulated
a trigeneration system coupled to an ORC and an absorption chiller (Al-Sulaiman et al. 2011). The maximum
exergetic efficiency of trigeneration was 20%. Farrokhi investigated a biomass fuel driven cogeneration
system (Farrokhi M. et al. 2014). The maximum electricity power output of this system was 77.4W, and the net
electricity efficiency was 1.66%. In China, Zhao Xudong conducted an investigation=into .an ORC
cogeneration system coupled to a fuel gas boiler and a heat pipe, using HFE-7100 as the waorking fluid (Zhao
Xudong et al. 2009). The power generation efficiency and the total efficiency of the system were 16% and 59%
respectively. China has also made some achievements in cogeneration field, and the scale of China's CHP
system has ranked second in the world (Kang Yanbing et al. 2008; Wang Zhengming 2006; Deng Lisheng et al.
2014). There was also an exergy investigation on a modified system combined heat, electricity and steam (Hu
Jiahao et al. 2013). The result indicated that the modified system power generation capacity increased while
the unit of energy and economic costs of power generation and heat supply. reduced at the same biogas
consumption. Rao Wenji combined the liquefied natural gas system with the low temperature solar system
(Rao Wenji 2014). Comparisons of the combined system and traditional solar ORC system showed the
combined system had higher system efficiency and energy efficiency with less mass flow rate. With in-depth
research and application, the low temperature ORC system has become more accessible for a wider range.
Therefore, the ORC system is recognized as an effective way to recover the low-grade energy.

Biogas energy is widely distributed and has a huge potential inrural area of China as the biogas cogeneration
system has a simple structure (Chen Lihong et al. 2017; Chen Qiu, Liu Tianbiao 2017). However, the system
efficiency of micro solar ORC system is greatly affected by the weather. In this paper, a hybrid energy driven
ORC system utilizing biogas and solar is propesed, a thermodynamic simulation model is established and
economic analysis has been studied.

The study includes three parts. The first partis the system description along with some general assumptions
considered for the system thermodynamicsimulations. In the second part, the system performance evaluations
in terms of some primary operational parameters are examined. The economic evaluation of the system is
carried out via a case study incorporating'meteorological data and heating requirements of an apartment block
in China’s rural area. The economic investigation is mainly to estimate the savings of the proposed
cogeneration system contrasted to conventional methods.

System Description and Thermodynamic Modeling

System description

A simple schematic of the system is demonstrated in Fig.1. The system consists of a biogas boiler system
and a simple solar PTC cogeneration, both using the feed water as heat transfer fluid. The biogas boiler heating
circuit includes a pump, a boiler and an evaporator. The basic components of ORC system include a pump, an
expander, a condenser and an evaporator. The whole system has two independent circuits which have their
own heat exchangers, where energy is transferred from the heat source to the working fluid. The pressurized
working fluid flows into evaporator and is heated into saturated vapor by the hot water from PTC and biogas boiler.
After reaching the maximum evaporation temperature, the saturated vapor will flow into the expander to
generate mechanical power. The fluid exiting from the expander will enter the condenser in which cooling
water is utilized to condense it. Lastly, the saturated liquid returns back to the reservoir. The cooling water
exits from the condenser and the waste heat is used to meet the demand of the residents.
Heat Source and Input
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Heat source of ORC system is composed of solar parabolic trough collector (PTC) and biogas boiler. The
evaporators of these two independent circuits are connected in series. The heat input is partly from the solar
energy and biogas consumption. The pressurized working fluid flows into the evaporators of each circuit, and
then absorbs heat from the hot water. The participation of each energy source to the heat input of ORC system
varies, which is determined by the relevant parameters, the heat provided by the PTC depends on the total
surface area of solar parabolic collectors, the solar energy potential and the daylight hours as well as the Direct
Normal Irradiation (DNI). The heat input via biogas boiler depends on the biogas consumption and the biogas
fuel availability.

Parabolic Trough Collector (PTC)

The type of solar collectors in this study is selected as PTC-1000(Werner Weiss MR 2008). Data regarding
the PTC’s technical and operational characteristics are summarized in Table 1. The conversion efficiency of
solar collectors depends on the parameters such as Direct Normal Irradiation (DNI) and the total surface area
of solar collectors. The solar energy conversion’s efficiency can be expressed by the equation:

AT AT?
Nprc = No — Q1qa DNI —Uq DNI (1)

Biogas Boiler

The maximum load of the biogas boiler is 60kW, and the boiler efficiency is.assumed equal to 85%. The fuel
used is methane while the composition and heat value of the fuel (Francescato Vet al. 2008) references Table
1. The feed water is heated to 110 °Cin the boiler circuit, and the sufficient pressure is provided by the pump to
ensure the hot water is in a saturated liquid state.

Condenser

The working fluid exiting from the expander is condensed in the condenser, and the condensation
temperature is determined by the heating demand. of the residents. During this process, the cooling water
absorbs the heat from the working fluid and the waste-heat can be used to meet the hot water requirement.
Table 2 summarizes some general efficiency.and temperature assumptions of the system.

Thermodynamic Modeling

In this section, the simulation of this system is-carried out by the Engineering Equation Solver (EES) and
MATLAB, and the thermodynamic properties of working fluid are obtained from the National Institute of
Standards and Technology (NIST) database REFPROP 7.0. The thermodynamic simulation model is based on
the following assumptions: each component of the system is in a steady-flow state, the working fluid at the
outlet of evaporator and condenser is saturated, the potential energy and friction loss as well as heat loss in
pipes and components are/neglected. Figure 2 presents the thermodynamic points of ORC system.

The power balance equation for the system gives:
Pey = NN Pexp = PI;ZI;P @

In the above equation, 7 is the generation efficiency and 7, is the mechanical efficiency. P,;, Ppyyp and
Pexp represents the net electricity output, electricity consumption of the pump and the total electricity output,
respectively.

The heat output during the condensation process is given by the equation:

Qn = mopc(hy — hy) 3)
= Myater CPwaterATwater

In the above equation, myg represents the mass flow rate of the working fluid in ORC system and m,, 4¢er
represents the mass flow rate of the cooling water in condenser. Cp,,qter 1S the specific heat capacity of water,
AT, qter represents the cooling water’s temperature difference. h; is the specific enthalpy of working fluid at
the condenser outlet, and h, is the specific enthalpy of the working fluid at the evaporator outlet in solar
collection circuit.
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The total heat input to the working fluid in the ORC is equal to:
Qpio + Qprc = Morc(hz — hy) 4)

In the above equation, Qprc and Q,;, represents the heat provided to the ORC system through the PTC and
the biogas boiler. h, is the specific enthalpy of the working fluid at the pump outlet, and h5 is the specific
enthalpy of the working fluid at the evaporator outlet in the biogas boiler heating circuit.

And,

Qpio = MpVbioHH Vi (5)
= My,qter,bio praterATwater,bio
Qprc = NprcDNIcosOAprc (6)

= My,qater,PTC praterATwater,PTC

In the above equation, 1, and npyc represent the boiler efficiency and PTC efficiency, v,;, and HHV};,
are the volume flow rate and high heating value of biogas, DNI is the Direct Normal Irradiation and Apy is
the total surface area of the PTC. my,qterpio @Nd Myyqeer prc are the mass flow rate of the feed water in
biogas boiler heating circuit and solar collection circuit. AT,,qterpio @Nd ATy q¢er prc are the temperature
variation in each circuit.

The performance of the system is evaluated by employing a set of indicators which are:

ORC thermal efficiency:

_ (h3—hy) = (hy — h) (6)
Ntn hy — Ry
System electric efficiency:
Per (7)

e = o s HHVypg + DNI - cos0Aprc
Where 1., and n,; are the ORC thermal efficiency and the system electric efficiency.
The exergy balance of the system is calculated as:

Exin — Exout = Pet + EXpear +1 )(8

Where Ex;, and Ex,,, represent the input and output.exergy of the system. Ex;.,; IS the exergy of total
heat generated by the system and I is the total system irreversibility.

The overall exergy efficiency n,, is defined-as:

_ Pel + Exheat (9
Nex = Exin )

Depending on the definition of the system boundaries, the inlet exergy can refer to either the exergy of hot
water stream flowing through the.evaporator or the exergy of the biogas and the solar radiation absorbed by
the PTC. Therefore, in order to.simplify the calculation, the overall inlet exergy is calculated by the sum of the
exergy of the hot water stream.entering each evaporator.

The exergy of each fluid'stream is given by the equation:

Ex =h—hy —Ty(s =s5) (10)

In the above equation, T, and s, refer to the condition of 101.3kPa and 25 °C. E, h and s are the specific

exergy, enthalpy and entropy of each point in cycle.

Thermodynamic Analysis

The effect of the evaporation temperature and working fluid selection

According to the selection principle of the working fluid (Wang Huitao, Wang Hua 2009; Han Zhonghe et al.
2012; Wang Dongxiang et al. 2013; Feng Yonggiang et al. 2015), R236fa, R123, R245fa and RC318 are
selected as candidates. The performance of the working fluid is evaluated by employing thermal and exergy
efficiency of the system. It is assumed that the condensation temperature of the working fluid takes place
around 30 °C, the range of evaporation temperature is between 65 °C and 90 °C, and T, presents the
evaporation temperature of the working fluid. The effect of the four candidates on the system’s performance at
different temperatures is shown in Figure 3. Fig.3 presents that the thermal and exergy efficiency increase
with the increasing evaporation temperature. R123 exhibits the highest thermal efficiency as well as exergy
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efficiency among R123, R236fa, R245fa and RC318. Furthermore, since it is a dry fluid, it does not require
superheating. Consequently, R123 is selected as working fluid for the present work.

The effect of the condensation temperature

It is assumed that the evaporation temperature is around 90 °Cand the condensation temperature ranges from
30 °Cto 60 °C. Figure 4 shows the effect of condensation temperature on the heating and power generation. As
condensation temperature increases, the thermal and the exergy efficiency of the system decrease. Moreover,
when the pinch point temperature of the condenser is fixed, the cooling water outlet temperature increases
progressively with the condensation temperature increases. For the sufficient production of space heating and
hot water, the condensation temperature should not be lower than 40 °C. Consequently, a proper condensation
temperature should be around 50 °C. Moreover, reducing the temperature of cooling water can increase the
system power generation capacity, and this temperature directly affects the demand of electricity generation
and heating supply.

Exergy Analysis

The irreversibility, which is carried out by exergy analysis, directly reflects exergy losses caused by
irreversible factors in each component (Sun Faming et al. 2012; Lecompte et al. 2014; Gao P. et al. 2015;
Ahmadi et al. 2012). The exergy efficiency not only emphasizes the importance of the net power that is
produced over the thermal conversion efficiency, but also indicates the extent of effective energy utilization.
The exergy analysis of each components is carried out as shown in Section 2.4. It is assumed that the system
operation is under the steady state; the working fluid enters the expander and exits the condenser with a
saturated state; and the heat loss to environment could be negligible.

The present work conducts exergy analysis under two. different operation modes. In mode A, only biogas
boiler supplies the heat to the working fluid. The nominal load of the biomass boiler for the application is 60
kWth, while the boiler efficiency is defined as 85%. The feed water in the biogas boiler circuit is heated to
110 °C, and the temperature of saturated vapor at expander inlet is 90 °C. In mode B, both the biogas boiler
system and the solar PTC system are used as‘the heat source to supply energy to the ORC system. According
to the solar energy resource data of Hubei Province (Liu Kequn et al. 2007), and the investigation about the
performance of parabolic trough collector (Bouvier et al. 2015), the total surface area of PTC is assumed equal
to 70 m®. Due to the additional contribution of the solar PTC system to the heat input, the temperature of feed
water in solar energy collection circuit can be heated up to 139 °C, under the ideal condition and the
evaporation temperature can be raised up.to 110 °C. In both of the two operation modes, the mass flow rate of
the working fluid is assumed equal t0.1.0 kg - s~ and the cooling water outlet temperature is fixed as 40 °C.

As demonstrated in Table.3, in either mode A or mode B, half of the total irreversibility occurs in the
evaporator, it is close to 18%:of total exergy input. The reason is that there is a higher temperature difference
between the hot feed water in the evaporator and the working fluid of the ORC system, and a large amount of
heat input is not utilized in the process of heat exchange. Secondly, the irreversibility takes place in the
condenser is approximate to 16%, which is essential in order to supply sufficient heat to the cooling water for
meeting the heating demand. The third significant components of the irreversibility occur during the
expansion of the working fluid in the expander, due to the lower exergy efficiency of the expander
(70%-75%).

As exhibited in Table 3, in Mode B, the evaporation temperature increases due to the solar collectors supply
the additional contribution to the heat input, so that the total amount of power generation of Mode B is nearly
three times over the Mode A, and the exergy efficiency is also increased obviously. Consequently, the
performance of cogeneration system utilizing biogas and solar energy is substantially increased compared to
the single heat source supply mode.
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Economic evaluation

A higher net specific work and cooling water temperature can be achieved by improving the heat source
temperature. Due to the limited increasing system cost by heating the working fluid, expanding the area of the
PTC and installing the extra heat exchangers is undesirable. On this principle, the system structure should
keep simpler and lower cost of the PTC area as well as additional heat exchangers (superheater and
regenerator). Consequently, the operation condition of the system is fixed as demonstrated in Table 4.

The economic evaluation of the proposed system is conducted with the purpose to estimate the annual
savings generated from the production of heat, electricity and subsequently calculate the cost efficiency of the
system (Fredy et al. 2012; Feng Yonggiang et al. 2015; Toffolo et al. 2014). The evaluation criteria used are
standard coal saving per year and the payback period(PBP) of the whole system.

Standard coal savings

It is assumed that the system is installed in a typical residence in rural area of southern China, and the
economic evaluation is carried out under two seasons. The operation mode can alternate between summer and
winter. During the summer, there is no demand of space heating, and the system just need to supply domestic
heating water and electricity. In this manner, the cooling water outlet temperature is set'as 40.°C, and the power
produced by the system is adequate for the residence power supply in order for thessystem to be independent
from external power sources. While in winter, the major demand of the residents is domestic hot water and
space heating. Therefore, the condensation temperature is set at 50 °C, due to the fixed-pinch point temperature,
the cooling water outlet temperature is about 45 °C, the electricity output.could be used to satisfy the power
consumption of the system. Although there are possible benefits of the system in‘regards to the heat generation
capacity, the present work intends to demonstrate the potential of power production of the ORC-CHP.

According to the residential design standards of China (Qin Yi 2014; Xu Xiaogang 2008), it is assumed that
daily hot water consumption of each resident is equal to around 60L at 50 °C, and the water used for heating
should be at 45 °C. In order to estimate the average monthly electricity and heat generation, the assumption of
monthly operation period is respectively set as 200 hours in summer and 120 hours in winter. Moreover, the
PTC provides a varying amount of energy input tothe system; depending on the DNI and operation period of
each month, the biogas boiler provides the additional heatrequired, based on the assumptions described above.
The evaluation of the power and the heat generation of the system under two seasons is summarized in Table
5.

As shown in Table 5, the power and the heat generation produced by the system are approximate 1042 kW -
h and 7300 KW - h per month during the ideal winter operation condition. In the summer mode, the amount
of monthly power and heating generation are almost 3144 kW -h and 17500 kW - h. Consequently, the
total annual electricity and heating.generation are 25116 kW - h and 148806 kW - h respectively. Since the
average standard coal consumption of power generation is 320 g+ kW~ - h™1, the total amount of the system
power and heat generation.is-equal-to the energy produced by 57.97 tons of standard coal consumption (Tu
Hua et al. 2014; Ahmadi et al. 2011).

Payback period (PBP)

This section of present work just evaluates the main components’ investment of the whole system including
solar collectors, ORC system and biogas boiler heating system. The total capital investment is assessed by the
module cost calculation.

PTC and ORC modules have been commercialized and several corresponding investigations about the costs
of PTC and ORC modules have been done (Sotirios et al. 2016; Qiu G et al. 2011). The current investment
costs for micro scale ORCs are substantially increased (Qiu G et al. 2011; Algieri et al. 2013) compared to
larger systems. The results further showed that ORC modules costs ranges from $7,000 to $11,000. Moreover,
due to the uncertainty of the market prices of micro scale ORC modules and PTC, the solar ORC system
economic analysis will be carried out with the values from $15,000 to 19,000 (Sotirios et al. 2016).

The investment cost of biogas boiler heating system varies greatly depends on the size of the system (Sotirios
et al. 2016), and some investigations show that the capital investment for domestic size boilers varies from
$300 to $700.
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Payback period (PBP) is commonly used for evaluating the performance of different programs in economic.
For the PBP, itis described by the equation:

PBP = C,/S, (11)
Where S,, represents the net savings per year n; C, and k are the total investment and interest rate.
Co=Co-(L+n+m+n3)" (12)

Where C, is the initial investment; n,, n, and n5 represent the rates of maintenance cost and supplies as
well as the cost of management and security of the whole system, respectively; the value of each rate is
accounted for 2%, 0.3% and 0.7%. The operation period of the system is assumed as 20 years and an interest
rate is equal to 5%.

The parameters in the Eq. (11-12) have been employed in several studies (Yagoub W. et al. 2006; Fredy et al.
2012; Feng Yonggiang et al. 2015; Toffolo et al. 2014), and the total system capital investments calculated by
the equations range from $17,000 to $23,000. As calculated in Section 4.1, the electricity and. the heating
generated by the ORC-CHP system are 25116 KW - h and 148806 kW - h respectively, which are-equal to
the energy produced by standard coal consumption of 57.97 tons. Depending on the rang of the standard coal
price (49~85 $/t), the annual saving is approximately $1,700~3,000, which need the payback period of 7.8
years and 13.5 years under the best and worst cases respectively.

Conclusions

An ORC-CHP cogeneration system based on the utilization of. biogas and solar energy was
thermodynamically and economically investigated. For the range of operation temperatures examined, it was
determined that the thermal efficiency of the ORC system is maximized-when R123 was selected as the
working fluid at an evaporation temperature of 110 °C. In the optimal situation, the net power output is equal to
14.31 kW, and the net power generation efficiency of the cogeneration system is 11.2%, which is 25.8% higher
than that of the base system. The exergy efficiency of the ORC system increases from 35.2% to 38.2%. The
thermal and exergy efficiency of the cogeneration system are substantially increased compared to the single
heat source supply mode. The numerical results indicated that the superheating by adding a recuperator does
not lead to a significant increase of the system efficiency; instead, it results in much larger heat exchanger and
therefore requiring more solar collectors’ area.

An economic assessment of the cogeneration system was carried out for a case study of the typical residence
in the rural area of southern China. An economic analysis of the PBP was performed in order to distinguish
their impact on the system cost effectiveness. It was demonstrated that the profits generated from the reduction
of biogas fuel and electricity consumption.can lead to significant savings, accounting for annual saving of the
system is approximately from $1,700 to $3,000 and a payback period of 7.8 years (best case). However, as the
primary components of the system have not yet been commercially available on a large scale in China, the
investment of these equipment remains high. For all that, even for the worst case (high total investment case),
the ORC—CHP system proposed still'exhibits positive economic results.
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Tab. 1 Boiler and PTC technical and operational characteristics

Biogas Boiler

Parabolic Trough
Collector (PTC)

Maximum load: 60kW
Maximum water
temperature: 110 °C
High heat value of fuel
Gas (HHV): 17MJ-m’
Boiler efficiency: 85%

Type: PTC-1000
Operation temperature:
80~300 °C

Heat transfer medium:
water

Efficiency parameters:
Mo = 0.75

a, =0.1123W - (m?- K)™

a,, =0.00128W - (m?- K2)™*
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Tab. 2 Efficiency and temperature assumptions of the system

ORC

Biogas boiler circuit

PTC circuit

Pump isentropic efficiency: 70%
Expander isentropic efficiency: 75%
Generator efficiency: 98%

Mechanical efficiency: 98%

Temperature difference at hot
and cold sides of heat
exchangers: 8K

Pinch point of the evaporation:
8K

Temperature difference at hot
and cold sides of heat
exchangers: 10K

Pinch point of the evaporation:
8K
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Tab. 3 Exergy analysis of the system for Modes A and B

MODE A
Evaporation temperature T,,, =90 °C
Mass flow rate of the working fluid

MODE B
Evaporation temperature T,, =110 °C
Mass flow rate of the working fluid

m=0.3kg-s™! m=0.6kg-s!
Mass flow rate of the cooling water Mass flow rate of the cooling water
m=0.6kg-s™? m=13kg-s?
Components/Syst  Exergy Exergy E.X ergy Exergy Exergy Exergy
loss efficiency .
em loss/kW loss/lkW  loss rate/% efficiency/%
rate/% 1%
Evaporator 2.00 15.5 85.1 6.15 18.2 82.5
Expander 1.36 10.6 77.4 3.78 11.2 78.0
Condenser 2.42 18.8 16.0 5.31 15.7 15.4
Pump 0.03 0.3 74.4 0.14 0.4 72.9
ORC system 5.81 45.1 35.2 15.38 455 38.2
Net electricity P, = 6.18kW P, =15.72kwW
output
The exergy of hot Ex._. = 44.42kW EXyear = 87.50KW
water
Total exergy Ex.. —13.23KW Ex,, =22.11kwW
output o
Total exergy input Ex,, =69.64kW Ex;, =140.71kW
Electricity 1y =8.87% My =11.17%
efficiency

12
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Tab. 4 ORC thermodynamic points and system performance parameters

Points T/°C p/kPa h/kJ kg™ s/kd kgt K Operation parameters
1 45.0 181.68 245.81 1.15 Environment
temperature :20 °C
2 45.6 976.03 246.61 1.16 Mass flow rate of working
fluid: 0.69kg-s™!
3 110.0 976.03 444.88 1.69 Mass flow rate of cooling
water; 1.3kg-s™1
4 65.0 181.68 423.42 1.71 Mass flow rate of heat source:
1.0kg s 1
A (heat source 139.0 350.93 584.66 1.73
inlet)
B (heat source  110.0 144.59 462.47 1.42 P, =14.31kW
outlet)
C (cooling 20 2.33 83.71 0.30 EXxpeqr = 85.96 KW
water inlet)
D (cooling 40.0 7.52 169.00 0.58

water outlet)

13



Downloaded by [DTU Library] at 00:52 17 October 2017

Tab. 5 The evaluation of the power and heat generation of the system for summer and winter

Winter Summer
Operation period October-March April-September
Environment temperature 10 °C 20°C
Evaporation temperature 98 °C 110 °C
Heating water temperature 45 °C 40 °C
Power generation per month 1042 kWe-h 3144 kWe-h
Heat generation per month 7300 kWth-h 17500 kWth-h
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Fig. 1 The combined ORC and biogas boiler and PTC heating water circuits
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Fig. 2 The thermodynamic points of ORC
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Fig. 3 Effect of the evaporation temperature of the system on thermal and exergy efficiency
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Fig. 4 Effect of the condensation temperature of the system on (a) thermal/exergy efficiency
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Payback period (year)

Fig. 5 The payback period of the investment as the function of the standard coal price
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