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Abstract: Human life is inseparable from energy, but with the progress of economic
development and social civilization, energy issues have attracted global attention. In order
to produce clean and efficient sustainable energy, this paper designs an internal
recuperative organic Rankine cycle(ORC) system, and then based on the operating
principle of the ORC system, the heat collection properties of solar energy(SE) and the
properties of biomass biogas fermentation are matched, and a CCS is constructed. The
power generation system is a power device, which is cooled by power and supplied to the
circulation system to generate electricity and refrigeration. In this paper, the performance
evaluation experiment of the combined cycle system(CCS) is carried out, and the factors
affecting the performance of the CCS are analyzed. The results show that the energy
saving(ES) efficiency and emission reduction(ER) rate of the SE CCS are high, which not
only saves energy but also protects the environment. If the ambient temperature is too high
or too low, the CCS will be affected. If the temperature is too low, the system capacity and
efficiency will be reduced. If the temperature is too high, the work of the micro gas
turbine(MGT) will be affected. When the ambient temperature remains unchanged,
increasing the methane content in the biogas can improve the power generation
efficiency(PGE) of the micro-combustion engine.

1. Introduction

As renewable energy, SE and biomass energy have the characteristics of low cost, cleanliness
and environmental protection, and play a great role in improving the ecological environment and
reducing air pollution, and the energy utilization rate generated is also high, which can meet
people's demand for energy. Thereby reducing the use of fossil energy. The CCS can convert the
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energy efficiency of SE and biomass energy to maximize energy efficiency.

At present, the research on the ORC and the CCS with complementary SE and biomass energy is
progressing well. For example, studies have shown that with the increase of(T10) the evaporation
pressure, TIO the working fluid(WF) in the evaporator in the ORC system shows a gradually
increasing trend with TIO the evaporation pressure(EP), while TIO the working fluid in the
condenser increases with TI1O the EP. With TIO evaporating pressure, the change of the loss is very
small, which leads to the TIO the available expansion of the expander and TIO the PGE of the
system [1-2]. Therefore, when designing the ORC, the appropriate EP should be selected according
to the actual situation, and the increase of the EP can improve the circulation efficiency of the
system. CCSs are subject to changes in ambient temperature, which have a direct impact on thermal
load changes. In addition to the impact on the power generation, the ambient temperature is too high
and too low, which has different degrees of impact on the cooling demand and heating demand [3].
The CCS designed by a certain scholar combines the low-carbon, clean and flexible characteristics
of SE and biomass energy. The system can reduce the loss of intermediate transmission links and
improve energy efficiency [4]. In conclusion, the CCS is an important way to meet energy demand,
reduce pollution and carbon emissions, and it is also the development direction of the future energy
system.

In this paper, an internal regenerative cycle system is designed to increase the cycle
thermoelectric efficiency of the system, aiming at the shortcomings of the ordinary ORC. Then the
CCS is constructed, and the process of SE and biomass energy recycling in the CCS is analyzed.
Finally, the performance of the CCS and the factors affecting the system performance are
experimentally analyzed.

2. Related Systems
2.1. Design of ORC System

The efficiency of the ordinary ORC is generally not high. The temperature of the liquid working
medium after condensation in the condenser is low, only about 30<C, which will cause the
formation of heat transfer(HT) oil in the evaporator and the circulating working medium. A large
heat exchange temperature difference will also cause a large loss of the evaporator. Under the fixed
evaporator power, the increased availability of the circulating working medium will decrease,
thereby reducing the circulation efficiency of the system [5-6]. Increasing the temperature of the
circulating working medium entering the evaporator will reduce this part of the loss, and the same
heat in the evaporator can make the circulating working medium gain a greater increase.

When the combined heat and power mode is not used, according to the Carnot cycle principle,
the lower the temperature of the cold source, the higher the efficiency of the Rankine cycle.
Considering the practical operability and economy, natural water cooling can be adopted for the
lowest temperature of the cold source [7]. At this time, if 180<C is taken as the evaporation
temperature and 30T , then the temperature at the outlet of the expander is 78.2<C, 30<C away
from the condensation temperature, and there is a temperature difference of 48.2<C, and the WF is
still extremely large. Therefore, if the sensible heat of the WF can be fully utilized, the cycle
efficiency of the system will be greatly improved, so the internal heat recovery system can be used
to increase the system efficiency [8-9]. The cycle diagram of the internal regenerative system is
shown in Figure 1.
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Figure 1. Internal regenerative ORC system

Compared with the basic ORC system, the internal regenerative cycle system adds a regenerator
at the outlet of the expander, and the liquid low temperature and high pressure WF after being
boosted by the working fluid pump exchanges heat with the superheated low pressure steam at the
outlet of the expander. , in order to recover the sensible heat of the exhaust gas and preheat the
circulating WF at the same time [10]. Using this system can reduce the condensation loss in the
condenser, and increase the temperature of the working medium entering the evaporator, reduce the
thermal loss in the evaporator, and thus increase the system cycle thermoelectric efficiency [11].

Considering the system from an economic point of view, adding a regenerator can recover part of
the energy and increase the system cycle efficiency, and the more sensible heat recovered, the
higher the system efficiency. The coefficient is low, and with the increase of the degree of sensible
heat recovery of the exhaust gas, the logarithmic heat exchange temperature difference in the
regenerator will also decrease sharply, which will lead to a sharp increase in the volume of the
regenerator, resulting in an increase in the initial investment, and the heat recovery. The flow
resistance in the device will also increase significantly, making the circulation effect unpredictable
[12-13]. Therefore, in the design stage, the factors of efficiency, investment and system resistance
should be comprehensively considered, and the size of the regenerator should be reasonably
selected to maximize the overall benefit of the system.

2.2. Construction of a CCS that Complements SE and Biomass Energy

The CCS in this paper uses the micro-combustion engine as the power device to generate
electricity, in which the micro-combustion engine uses the biogas generated in the solar-heated
biogas digester as the fuel, and the exhaust heat is used as the power cooling and is used as the heat
source for PGE and refrigeration [14]. The system mainly includes a solar-heated biogas system, a
micro-combustion turbine power generation system [15]. The process of the system function is: the
hot water provided by the solar collector(SC) heats the biogas thermostatic anaerobic fermentation
tank, the biogas generated by the fermentation enters the gas storage tank through the purification
and purification process, and is pre-mixed with the air into the combustion chamber, and after
combustion, the turbine is driven. Doing work and outputting electric energy, the high-temperature
exhaust gas of the micro-combustion turbine can drive the ammonia water absorption power
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cooling and supply it for circulation, and output electric energy and cooling capacity [16-17].
3. CCS Performance Evaluation Method
3.1. Thermal Performance Evaluation

Since the cogeneration system provides energy with different qualities, there is no definite
evaluation index for its thermal performance evaluation.

Energy analysis method: From the perspective of efficient energy utilization(EU), the CCS well
follows the energy cascade utilization principle. The biomass biogas generated by the auxiliary
heating of low-grade SE is used as the main energy input of the system, and the micro gas turbine
burns the biogas to drive the generator to generate High-grade electrical energy [18]. The energy
tastes and sources of energy absorbed and consumed by various equipment and devices of the CCS
are different, and the overall energy conversion efficiency of the system can be evaluated by the
system energy rate.

Exergy analysis method: It can scientifically express the degree of EU, and can correctlyevaluate
the EU rate of equipment and devices [19]. The exergy efficiency(EE) expression in this system is

as follows:
+Q) +
- QrQ, &)
Q
In the formula, n is the EE of the system, Q1 is the total power generation, Q2 is the total heat

exergy; Q3 is the total cold exergy, and Q is the system fuel input exergy.
3.2. Environmental Benefit Evaluation

CO, emissions: CO, emissions from the CCS come from biomass, and the calculation formula is
as follows:

44
EZEf EC*E )

In the formula, E is the CO2 emission of the CCS, @, is the biomass consumption, and [E_ is

the biomass carbon content. The CO; emissions of conventional systems come from coal-fired(CR)
heating and CR CO, emissions of thermal power plants. The CO, emissions of CR heating are
obtained by multiplying the amount of CR by the coal CO, emission coefficient. The CO, emissions
of thermal power plants are based on electricity consumption multiplied by thermal power
generation. The plant CO, emission factor is obtained. Because conventional systems do not utilize
biomass, biomass is wasted in the form of direct incineration, which also produces CO..

NOx emissions: Different from the calculation of CO, emissions, NOx can not only come from
the N contained in the biomass itself, but also from the N in the air, which cannot be calculated by
the method of C conservation, so the NOx emission factor is generally calculated [20-21] .
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4. Experimental Analysis
4.1. Performance Evaluation Results of CCS

(1) Thermal performance evaluation results

According to Table 1, the total energy consumption(EC) of the co-supply system and the
sub-supply system are 217.5kW and 364.2kW respectively when generating the same amount of
electricity, heat and cooling. The EE of the joint supply system and the sub-supply system are
48.3% and 32.4% respectively, and the primary ES rate of the system is 36.5%.

Table 1. Thermal performance of co-supply system and sub-supply system

Joint supply system Distribution system

System energy input(kW) 217.5 364.2
System energy output(kKW) 92.8 90.4
System thermal efficiency(%) 57.6 39.7
System exergy efficiency(%) 48.3 32.4

Primary energy saving rate(%) 36.5

(2) Evaluation results of ES rate

The primary energy used by the CCS is biomass energy and SE. There are three scenarios: one is
that SE is not included in primary energy consumption; the other is that biomass is the only
renewable carbon source, which cannot be A large amount of acquisition is included in primary
energy consumption; one does not distinguish between energy types, and both SE and biomass
energy are included in primary EC. Calculate the primary ES rate of the three scenarios. The
traditional energy supply method is compared with the above three scenarios, and the ES rates are
100%, 30.55% and 15.75%, respectively, as shown in Table 2.

Table 2. Energy Saving Rate

Traditional Scenario 1 Scenario 2 Scenario 3
energy supply

Biomass consumption None None 73.52 73.52
Solar radiation None None None 315720

Coal consumption 48.6 None None None
Total primary energy 1879635 None 1305446 | 1583563

consumption

Energy saving None 1879635 574189 296072

Energy saving rate None 100 30.55 15.75

(3) Environmental benefit assessment results
According to the calculation model of CO, and NOx emissions, the environmental benefits of the
CCS are obtained as shown in Table 3. Compared with traditional energy supply methods, the CCS
can reduce CO, and NOx emissions by 84.36 tons and 0.88 tons, respectively, and the ER rates are
33.99% and 85.44%, respectively. The environmental benefits are obvious.

58



Academic Journal of Energy

Table 3. Environmental Benefits

Traditional functional system CCS

CO, emissions 248.21 163.85
CO,ER none 84.36

CO; ER rate none 33.99%
NOX emissions 1.03 0.15
NOx ER none 0.88

NOX reduction rate none 85.44%

4.2 Analysis of Influencing Factors of CCS

(1) Influence of ambient temperature(AT) on system performance

The impact of changes in AT on the combined cooling, heating and PGE system complemented
by a variety of renewable energy sources is mainly manifested in the following aspects:

When the ambient temperature decreases, the heat loss(HL) of the SC and the anaerobic
fermentation tank will increase, and even the fermentation temperature may not reach the set
temperature. If the fermentation temperature is not enough, there will be undesirable phenomena
such as insufficient gas production and reduced methane content in the biogas. If the ambient
temperature is too low, the daily gas production will be insufficient, the power generation time will
be limited, and the 24-hour continuous operation requirements cannot be met, and the total system
capacity and overall efficiency will inevitably decrease.

If the ambient temperature is too high, the density of the air will become smaller. Under the
premise of a constant suction flow, the micro gas turbine compressor will inhale more air, resulting
in an increase in the compression power consumption, and the working capacity of the micro gas
turbine will be affected. limit. However, an increase in AT can improve the function of SCs and
biomass-based anaerobic fermenters. The reason is that when the ambient temperature rises, the
heat loss of the SC and the biogas anaerobic fermentation tank will be reduced, and the working
state of the anaerobic fermentation tank at the set temperature can be easily maintained, which is
beneficial to the system energy. The increase in utilization has helped to some extent.

(2) Influence of methane content on system performance

Under the condition of constant ambient temperature, the performance of the micro gas turbine
was simulated by taking the volume content of methane in the biogas as the input condition. Figure
2 shows the simulation results of the compressor, turbine, output power and power generation
efficiency of the MGT under different methane content. As shown in the figure, since the
compressor is in a stable working condition during the working process of the MGT, no matter how
the methane content changes, the power consumption of the compressor remains unchanged at 38%.
The turbine power(TP), the output power(OP) of the MGT, the The PGE of the gas turbine
increases with the increase of the methane content in the biogas. When the methane content in the
biogas is 50%, the TP is 34kW, the OP of the MGT is 9kW, and the PGE of the MGT is 3%. When
the methane content in the biogas increases to 75%, the TP is 64kW, the OP of the MGT is 23kW,
and the PGE of the MGT is 17%. At this time, the TP increases by 30kW, and the OP of the MGT
increases. 14kW, the PGE of the MGT has increased by 14%. When the methane content in the fuel
increases to 100%, the TP is 80kW, the OP of the MGT is 36kW, and the PGE of the MGT is 27%.
At this time, the TP increases by 46kW, and the OP of the MGT increases. 27kW, the PGE of the
MGT has increased by 24%.
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Figure 2. Turbine output power, micro-turbine output power, and power generation efficiency as a
function of methane content

5. Conclusion

The organic Rankine-based CCS proposed in this paper generates electricity through a micro gas
turbine, and uses SE to heat to generate biomass biogas as the system energy input. Complementary.
The experimental analysis of the performance of the system shows that the use of this system to
generate electricity and refrigeration can reduce environmental pollution and achieve the purpose of
ES and ER. To maximize the power utility of the system, it is necessary to control the AT, and
increase the PGE and OP of the MGT by increasing the methane content of the biogas.

Funding
This article is not supported by any foundation.
Data Availability

Data sharing is not applicable to this article as no new data were created or analysed in this
study.

Conflict of Interest
The author states that this article has no conflict of interest.
References

[1] Mondejar M E , Andreasen J G , Pierobon L , et al. A review of the use of ORC power systems
for maritime applications. Renewable and Sustainable Energy Reviews, 2018, 91(aug.):126-151.
https://doi.org/10.1016/j.rser.2018.03.074

[2] Braimakis K , Karellas S . Energetic optimization of regenerative ORC (ORC) configurations.
Energy Conversion and Management, 2018, 159(MAR.):353-370.

60



Academic Journal of Energy

[3] Kurtulus K, Coskun A , Ameen S, et al. Thermoeconomic analysis of a CO2 compression
system using waste heat into the regenerative ORC. Energy Conversion and Management, 2018,
168(JUL.):588-598.

[4] Huster W R, Vaupel Y , Mhamdi A , et al. Validated dynamic model of an ORC (ORC) for waste
heat recovery in a diesel truck. ENERGY -OXFORD-, 2018, 151(MAY15):647-661.
https://doi.org/10.1016/j.energy.2018.03.058

[5] Negash A, KimY M, Shin D G, et al. Optimization of ORC used for waste heat recovery of
construction equipment engine with additional waste heat of hydraulic oil cooler. Energy, 2018,
143(jan.15):797-811. https://doi.org/10.1016/j.energy.2017.11.004

[6] Sonsaree S, Asaoka T , Jiajitsawat S , et al. A small-scale solar ORC power plant in Thailand:
Three types of non-concentrating solar collectors. SE, 2018, 162(mar.):541-560.
https://doi.org/10.1016/j.solener.2018.01.038

[7] Reis M M L, Gallo W L R . Study of waste heat recovery potential and optimization of the
power production by an ORC in an FPSO unit. Energy Conversion and Management, 2018,
157(FEB.):409-422.

[8] Blaum B S, Ursula N, Thomas P, et al. Spin ballet for sweet encounters: saturation-transfer
difference NMR and X-ray crystallography complement each other in the elucidation of
protein—glycan interactions. Acta Crystallographica, 2018, 74(8):451-462.
https://doi.org/10.1107/S2053230X18006581

[9] Pearre N , Adye K , Swan L . Proportioning wind, solar, and in-stream tidal electricity
generating capacity to co-optimize multiple grid integration metrics. Applied Energy, 2019,
242(PT.1-1284):69-77.

[10] Hossain M S, Jahid A, Islam K Z , et al. Solar PV and Biomass Resources Based Sustainable
Energy Supply for Off-Grid Cellular Base Stations. IEEE Access, 2020, PP(99):1-1.

[11] Yahya M, Fahmi H , Fudholi A , et al. Performance and economic analyses on solar-assisted
heat pump fluidised bed dryer integrated with biomass furnace for rice drying. SE, 2018,
174(NQV.):1058-1067. https://doi.org/10.1016/j.solener.2018.10.002

[12] Hashemian N , Noorpoor A . Assessment and multi-criteria optimization of a solar and
biomass-based  multi-generation  system:  Thermodynamic,  exergoeconomic  and
exergoenvironmental aspects. Energy Conversion & Management, 2019, 195(SEP.):788-797.

[13] Boretti A, Al-Zubaidy S . A case study on combined cycle power plant integrated with SE in
Trinidad and Tobago. Sustainable Energy Technologies and Assessments, 2019,
32(APR.):100-110. https://doi.org/10.1016/j.seta.2019.02.006

[14] LB L&pez-Sosa, M Gonzdez-Avilé, LM Hernandez-Ram Fez, et al. Ecological solar absorber
coating: A proposal for the use of residual biomass and recycled materials for energy
conversion. SE, 2020, 202(3):238-248.

[15] Barba F J, Gavahian M, Es | , et al. Solar radiation as a prospective energy source for green
and economic processes in the food industry: From waste biomass valorization to dehydration,
cooking and baking. Journal of Cleaner Production, 2019, 220(MAY 20):1121-1130.

[16] Siddiqui O , Dincer I , Yilbas B S . Development of a novel renewable energy system
integrated with biomass gasification combined cycle for cleaner production purposes. Journal
of Cleaner Production, 2019, 241(Dec.20):118345.1-118345.21.

[17] Khalid M , Almuhaini M , Aguilera R P, et al. Method for planning a wind-solar—battery
hybrid power plant with optimal generation-demand matching. IET Renewable Power
Generation, 2018, 12(15):1800-1806. https://doi.org/10.1049/iet-rpg.2018.5216

[18] Moharramian A, Soltani S, Rosen M A , et al. Modified exergy and modified exergoeconomic

61



Academic Journal of Energy

analyses of a solar based biomass co-fired cycle with hydrogen production. Energy, 2019,
167(JAN.15):715-729. https://doi.org/10.1016/j.energy.2018.10.197

[19] Bhattacharyya D , Wang Y , Turton R . Evaluation of Novel Configurations of Natural Gas
Combined Cycle (NGCC) Power Plants for Load-Following Operation using Dynamic
Modeling and Optimization. Energy And Fuels, 2020, 34(1):1053-1070.

[20] Ishag H , Dincer I . Design and performance evaluation of a new biomass and solar based
combined system with thermochemical hydrogen production. Energy Conversion &
Management, 2019, 196(SEP.):395-409.

[21] Amirante R, Bruno S, Distaso E , et al. A biomass small-scale externally fired combined cycle
plant for heat and power generation in rural communities. Renewable Energy Focus, 2019,
28(MAR.):36-46. https://doi.org/10.1016/j.ref.2018.10.002

62



