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Abstract: 17 

The dynamic behaviour and performance evaluation of a biomass-fired organic Rankine cycle 18 

combined heat and power (ORC-CHP) system under two different control strategies are investigated 19 

in this study. The dynamic model is established, while the dynamic characteristics of key operating 20 

parameters (superheat degree, evaporating pressure and mass flow rate) with the step change of heat 21 

source temperature are examined. The effects of controlled superheat degree and controlled expander 22 

shaft work on dynamic behaviours of thermodynamic, economic and environmental performance are 23 

discussed and compared under different control methods (feedforward active control, PID passive 24 

control and combined control). Results indicate that the superheat degree is significantly influenced 25 

by the heat source temperature under the without control strategy, with the variation reaching 8.36 K. 26 

The combined control method exhibits the best control performance with overshoot and control 27 

response times of 1.23 K and 12.31 s, respectively. Compared to without control, the expander shaft 28 

mailto:yqfeng@ujs.edu.cn
https://doi.org/10.1016/j.applthermaleng.2024.123236


work and ORC thermal efficiency of the control strategy of superheat degree increase by 3.21 kW 29 

and 0.78%, while that of the control strategy of expander shaft work increase by 1.01 kW and 0.32%, 30 

respectively. The control strategy of superheat degree presents a significant improvement in the 31 

economic and environmental performance of the biomass-fired ORC-CHP system. This study is 32 

expected to provide better guidance for the practical operation and control of biomass-fired ORC-33 

CHP systems. 34 

 35 
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Nomenclature 

A area, m2 

Bo bond number 

Cm maintenance cost, $ 

CP specific enthalpy, J/kg 

CV expander coefficient 

C investment cost, $ 

d thickness, m 

D diameter, m 

EA annual return rate 

Fr froude number 

g acceleration of gravity, m/s2 

h specific enthalpy, kJ/kg 

ii annual interest rate 

L length, m 

m mass flow rate, kg/s 

n system operating life, year 

Nu nusselt number 

P price, CNY 

Pr prandtl number 

Q heat transfer rate 

rm system maintenance cost indicator 

Re reynolds number 

top annual running time, h 

Vcyl cylinder volume, m3 

Greek symbols 

ρ density, (kg/m3) 



α heat transfer coefficient, W/m2·K 

β thermal expansion coefficient 

μ density ratio 

λ thermal conductivity, W/(m·K)) 

u velocity, m/s 

ω revolution speed, rpm 

ηv volumetric efficiency 

ηboil thermal efficiency of the biomass boiler 

ηst isentropic efficiency of expander 

ηsp isentropic efficiency of pump 

ηg motor efficiency 

ηORC,th thermal efficiency  

ηORC-CHP combined thermal efficiency 

Subscripts 

bf biomass fuel 

boil boiler 

cf cooling fluid 

con condenser 

dhw domestic hot water 

e electricity  

eva1 evaporator 1 

eva2 evaporator 2 

exp expander 

f fuel 

g heat source 

hf heat source fluid 

p pump 
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 40 

  41 

in inlet  

M maintenance  

net net output 

o outlet 

tot total  

wf working fluid 

Acronyms 

CHP combined heat and power 

CRF capital recovery factor 

CEPCI chemical Engineering Plant Cost Index 

CNY chinese yuan 

ECE equivalent carbon emission 

GWP global warming potential 

INV investment 

LEC levelized electricity Cost 

LHV low-grade heat value 

LQR linear quadratic regulator 

MCT module costing technique 

NAI net annual income 

NPV net present value 

ORC organic Rankine cycle   

PI proportional-integral 

PID proportional-integral-derivative 



1. Introduction  42 

In recent decades, the world has been facing an alarming energy crisis due to the continuous 43 

growth in global energy consumption [1]. As fossil fuels still dominate the global energy supply, there 44 

is an urgent need to explore new renewable energy to replace fossil fuels and reduce energy 45 

consumption [2]. Biomass has received increased attention due to its characteristics of high efficiency, 46 

energy savings and low carbon [3]. Moreover, the organic Rankine cycle (ORC) system has emerged 47 

as a promising technology and has been widely applied to various low-temperature heat sources [4]. 48 

The biomass-fired organic Rankine cycle combined heat and power (ORC-CHP) offers a viable 49 

solution for downsized biomass power systems [5], which can be implemented in various situations, 50 

including villages, factories, and islands. 51 

Similar to basic ORC systems, biomass-fired ORC-CHP systems also have the drawback of low 52 

efficiency and high investment. Therefore, numerous researches devoted main efforts to improve 53 

system performance from the viewpoint of system modification, working fluid selection and 54 

parametric optimization [6]. Sikarwar et al. [7] proposed a novel biomass direct-fired ORC power 55 

generation system with a waste heat recuperator, reporting that the new system could increase the net 56 

output power by 49.93 kW. Wang et al. [8] analysed the performance of a biomass-fired ORC-CHP 57 

system using different working fluids, indicating that R134a had the best thermodynamic 58 

performance. Liu et al. [9] compared the thermodynamic performance of biomass-fired ORC-CHP 59 

systems using three different working fluids. Results showed that n-pentane had the highest ORC 60 

thermal efficiency of 16.6%. Algieri et al. [10] analysed the effects of evaporation temperature and 61 

working fluid on a biomass-fired ORC-CHP system, showing that a higher evaporation temperature 62 

ensured a better system performance, and the highest electrical efficiency of 14.6% for toluene was 63 

yielded. Zhu et al. [11] conducted an economic analysis on a biomass-fired ORC-CHP system, stating 64 

that cyclopentane owned the highest thermodynamic performance.  65 

Stable heat source conditions are typically employed in theoretical study; however, in practical 66 

applications, heat source conditions often experience significant fluctuations due to the variability in 67 



biomass steam generation or environmental variation [12]. This could result in the ORC system 68 

deviating from its designed operating conditions, potentially leading to the decomposition of the 69 

working fluid [13], damage to the expander due to inadequate gasification of the working fluid [14], 70 

and a decrease in expander efficiency [15]. Therefore, the dynamic behaviour of ORC systems with 71 

heat source fluctuations has received more attention. For the establishment of dynamic models of heat 72 

exchangers in ORC systems, the Finite Volume (FV) method and the Moving Boundary (MB) method 73 

were generally adopted. Although the FV method provided high accuracy, the computational speed 74 

was too slow and it was not efficient in expressing the dynamic behaviours of the ORC system [16]. 75 

The MB method could reduce the order of the heat exchanger model, which was more suitable for 76 

the analysis of dynamic behaviours and control strategies [17]. Therefore, the MB method was 77 

utilized in this study to develop the dynamic model of the heat exchanger. 78 

To ascertain the dynamic behaviour of ORC systems under heat source fluctuations, Xu et al. 79 

[18] evaluated the ORC dynamic behaviour of the operating parameters and system performance 80 

under fluctuating conditions. Results showed that the thermal efficiency of the ORC system increased 81 

from 9.25% to 17.72% with the speed. Li et al. [19] compared the dynamic characteristics of basic 82 

ORC and latent thermal energy storage ORC (LTES-ORC) systems, showing that the LTES-ORC 83 

system could mitigate the effect of heat source fluctuations and had a larger heat source fluctuation 84 

limit compared to the basic ORC system. Yu et al. [20] analysed the effect of heat sources on the 85 

performance of basic ORC systems, reporting that the permissible relative amplitude of the heat 86 

source temperature was 25-40 K based on safety and efficiency. Wang et al. [21] established a 87 

dynamic model of heat exchangers by MB method and analysed the dynamic characteristics of four 88 

different forms of ORC systems. Shu et al. [22] examined the effect of working fluids on the dynamic 89 

response speed in natural gas engine ORC systems under the perturbation of heat source temperature 90 

and mass flow rate of working fluid, revealing that the low-temperature working fluid exhibited a 91 

faster response speed. Manuel et al. [23] compared the dynamic behaviours of a direct and indirect 92 

evaporation ORC system under fluctuating exhaust temperatures of an internal combustion engine, 93 



indicating that direct evaporation can reduce the volume and weight of the evaporator by 70% and 94 

88%, respectively. Although the fluctuations of heat sources are unavoidable, component damage and 95 

performance degradation caused by heat sources can be addressed by incorporating appropriate 96 

control strategies. Quoilin et al. [24] analysed the dynamic behaviour of an ORC system under 97 

fluctuations in heat source temperature and mass flow rate, showing that the system performance 98 

decreased rapidly with the decreasing heat source temperature. Therefore, three control strategies 99 

were proposed: constant evaporation temperature, optimization of evaporation temperature based on 100 

actual operating conditions and constant superheat degree. Pang et al. [25] discussed the dynamic 101 

behaviour of a 3 kW ORC system under fluctuations of heat source, showing that the control strategy 102 

of superheat degree was the best operating conditions. For the control method, Jin et al. [26] adjusted 103 

the mass flow rate of working fluid through a Proportional-Integral (PI) Controller to keep the 104 

evaporator outlet pressure constant, showing that this control method had a large impact on both the 105 

dynamic behaviour and the final steady state of the ORC system. Chen et al. [27] adopted three control 106 

methods to keep the evaporator outlet pressure constant under the fluctuation of heat source 107 

temperature, showing that the feed-forward control method presented a better control effect. Zhang 108 

et al. [28] proposed a multivariable control strategy for a waste heat recovery system by combining a 109 

linear quadratic regulator (LQR) with a PI controller. Results demonstrated that the control method 110 

had a good performance. 111 

Looking at previous studies, the research on the dynamic behaviour and control strategies of 112 

ORC made considerable advances, but the dynamic behaviour of biomass-fired ORC-CHP systems 113 

is lacking. Furthermore, the comparison of different control methods and control strategies and the 114 

comprehensive performance evaluation of the system under control strategies have not been well 115 

reported. In this study, the dynamic behaviours and performance evaluation of the biomass-fired 116 

ORC-CHP system under two different control strategies (control strategy of superheat degree and 117 

expander shaft work) are investigated. Based on the dynamic model of a biomass-fired ORC-CHP 118 

system model, the dynamic operation characteristics of the key operating parameters (superheat 119 



degree, evaporating pressure and mass flow rate) are discussed. Furthermore, the system 120 

thermodynamic, economic and environmental performances at different control strategies are also 121 

evaluated. To maintain the safety and stability of the output power of the system, three control 122 

methods (PID control, feedforward control and combined control) and two control strategies (control 123 

strategy of superheat degree and expander shaft work) are adopted. This study is expected to provide 124 

better guidance for the practical operation and control of biomass-fired ORC-CHP systems. 125 

The main contributions are as follows: 126 

(1) The dynamic model of a biomass-fired ORC-CHP system is established. 127 

(2) The dynamic characteristics of key operating parameters (superheat degree, evaporating 128 

pressure and mass flow rate) with the step change of heat source temperature are examined. 129 

(3) The effects of controlled superheat degree and controlled expander shaft work on dynamic 130 

behaviours of thermodynamic, economic and environmental performance are discussed and 131 

compared under different control methods (feedforward active control, PID passive control and 132 

combined control). 133 

2. Methodology 134 

2.1 System description 135 

The schematic of the biomass-fired ORC-CHP system is illustrated in Fig. 1. The system mainly 136 

includes three loops: the heat source loop, the ORC loop and the domestic water loop. As shown in 137 

Fig. 1, water functions as the heat transfer fluid, facilitating the exchange of heat with the hot gas 138 

generated through biomass combustion in the heat exchanger. This process generates a water vapour 139 

at approximately 433 K. The water vapour undergoes heat exchange with evaporators 1 and 2, 140 

transferring heat to the working fluid of the ORC loop in evaporator 1 and domestic hot water in 141 

evaporator 2, respectively. Subsequently, the heat source loop is completed as the heated fluid returns 142 

to the heat exchanger. 143 

The ORC loop comprises four primary devices: an evaporator, a condenser, an expander and a 144 

working fluid pump. The heat source transfers heat to working fluid in the evaporator1, which 145 



transforms working fluid from a supercooled liquid to a superheated vapour, and then drives the 146 

expander and generator to generate electrical energy. Subsequently, the working fluid undergoes 147 

cooling in the condenser and then enters the pump to elevate its pressure, thereby completing the 148 

entire ORC loop. As for the domestic water loop, the initial step involves the domestic water entering 149 

the condenser to engage in heat exchange with the working fluid. Subsequently, it proceeds to the 150 

evaporator2, where it is further heated to 333 K by the heat source and utilized for hot water. 151 

 152 

Fig. 1. Schematic of the biomass-fired ORC-CHP system 153 

2.2 Thermodynamic model 154 

The temperature–entropy diagram of the biomass-fired ORC-CHP system is shown in Fig. 2. 155 

The specific enthalpy and entropy of the working fluids are identified with NIST REFPROP. 156 



 157 

Fig. 2. Temperature–entropy diagram of the biomass-fired ORC-CHP system 158 

Expander shaft work (Wexp) is constant at 30 kW, and the mass flow rate of the working fluid 159 

(mf) is: 160 

f exp 5 6/ ( )m W h h= −  (1) 

Heat transfer rates of the evaporator1 (Qeva1), condenser (Qcon), and mass flow rate of cooling 161 

water (mcf) are: 162 

eva1 f 5 2( )Q m h h=  −  (2) 

con f 6 1( )Q m h h=  −  (3) 

cf con 16 13/ ( )m Q h h= −  (4) 

Heat transfer rate of evaporator2 (Qeva2) and domestic water (Qdhw) are: 163 
 164 

eva2 cf dhw 16( )Q m h h=  −  (5) 

dhw cf dhw 13( )Q m h h=  −  (6) 

where hdhw is the specific enthalpy of water at the temperature (333K). 165 

Shaft work of the working fluid pump (Wp), heat source pump (Wp,g) and domestic water pump 166 

(Wp,c) are: 167 

p f 2 1= ( )W m h h −  (7) 

p,g hf100 _W m P loss g=     (8) 



p,c cf100 _W m P loss g=     (9) 

where P_loss is the differential pressure [31], and g is the gravity acceleration of 9.8 2m/s .  168 

Heat transfer rate (Qin) and mass flow rate of biomass boiler (mbf) are: 169 

in eva1 eva2 boil( ) /Q Q Q η= +  (10) 

bf in /m Q LHV=  (11) 

where ηboil is the thermal efficiency of the biomass boiler with 90% and LHV is the low-grade heat 170 

value with 17746 kJ/kg [31]. 171 

Net output work (Wnet), thermal efficiency of ORC loop (ηORC,th) and thermal efficiency of 172 

biomass-fired ORC-CHP system (ηORC-CHP,th) are: 173 

net exp p p,c p,gW W W W W= − − −  (12) 

exp p

ORC,th

in

W W

Q


−
=  (13) 

net dhw
ORC-CHP,th

in

W Q

Q


+
=  

(14) 

2.3 Economical model 174 

For the biomass-fired ORC-CHP system, the main investments include boilers, evaporators, 175 

condensers, expanders, and pumps. Specifically, for evaporators and condensers, a prerequisite is the 176 

computation of the heat exchange area before delving into investment cost calculations. The ORC 177 

evaporator adapts the tubular heat exchanger, while plate heat exchangers are employed for both the 178 

condenser and evaporator 2. The correlation equations for the heat transfer coefficients are shown in 179 

Table 1. 180 

Table 1. Correlation equations for the heat transfer coefficients 181 

Heat exchanger Side heat transfer coefficients 

Tubular heat 

exchanger 

Outside tube 
0.8 0.4

h,i =0.023 Re Pr
d


     

Inside tube (single phase) 
0.8 0.4 0.14f

i

w

=0.027 ( )Re Pr
d





     

Inside tube (two phase) 
0.9 0.3 0.7i

0 0 fl

0

1.136 (25 ) 667.2D Fr Bo F




−=   +    

Outside tube 0.4 1/34.118Nu Re Pr=    



Plate heat 

exchanger 
Inside tube 

0.646 0.583 1/36
0.724 ( )Nu Re Pr




=     

Total heat transfer coefficients (αi) of plate heat exchanger and tubular heat exchanger are: 182 

i c,i h,i

1 1 1 d

   
= + +  (15) 

o o o

i i,i i i c,i o,i f f

1 1 1 1
ln

2

oA D D A

A D A     
=  +   +   (16) 

where αc,i and αh,i are the heat transfer coefficients of the heat source fluid and the cooling water, 183 

respectively; λ and d are the thermal conductivity and the heat exchanger tube thickness, respectively; 184 

αi,i and αo,i are the internal and outer of heat exchanger tube heat transfer coefficients for the working 185 

fluid, respectively; Ai and Ao are the internal and outer surface areas of the heat exchanger tube, 186 

respectively; ηf is the efficiency of fins. 187 

Heat exchange area for different section (Ai) is: 188 

i i i i/ /A Q T=   (17) 

where Qi and ΔTi are the heat transfer rate and temperature difference in different phase regions, 189 

respectively. 190 

In this study, the module costing technique (MCT) is used to estimate the equipment cost, and 191 

the equipment investment is: 192 

2

p,X 1,X 2,X 3,Xlg lg (lg )C K K Y K Y= +  +   (18) 

where Cp,x and Y are the basic investment of component and the relevant parameters of each 193 

component of the biomass-fired ORC-CHP system, respectively. The specific module costs and 194 

parameters of the components are shown in Table 2.  195 

Table 2. Cost calculation coefficient of each component. 196 

Component Models K1/K2/K3 C1/C2/C3 FM FBM 

Heat 

exchangers 

BM,X P,X BM,XC C F=   3.214 -0.065 

1.25 - 
2

p,X 1,X 2,X 3,Xlg lg (lg )C K K A K A= +  +   0.269 0.050 

2

p,X 1,X 2,X 3,Xlg lg (lg )F C C P C P= +  +   0.054 0.015 

Expanders BM,X P,X BM,X P,X( )C C F F=    3.514 - - 3.5 



2

p,X 1,X 2,X 3,Xlg lg (lg )C K K A K W= +  +   0.589 - 

2

p,X 1,X 2,X 3,Xlg lg (lg )F C C P C P= +  +   0 - 

Pump 

BM,X P,X BM,XC C F=   3.389 -0.394 

1.5 - 
2

p,X 1,X 2,X 3,Xlg lg (lg )C K K A K W= +  +   0.054 0.396 

2

p,X 1,X 2,X 3,Xlg lg (lg )F C C P C P= +  +   0.15 -0.002 

Costs of revised equipment investment (CX) and working fluid (Cwf), annual operating costs of 197 

biomass fuel (Cbf) and biomass boilers (Cboiler), and system maintenance costs (Cm) are: 198 

X BN,X 2020 2001/C C CEPCI CEPCI=   (19) 

wf exp pump con eva1 wf( )C C C C C r= + + +   (20) 

bf bf bioC m top P=    (21) 

6

boiler boil in 2020 2018/10 /C P Q CEPCI CEPCI=    (22) 

where CBN,X is investment of components, rwf is the percentage of working fluid cost and takes the 199 

value of 2% [30], and CEPCI is the chemical engineering plant cost index.  200 

Total system investment (INVtot) and maintenance costs (Cm) are: 201 

tot exp eva1 eva2 con pump pc pg boiler wf bfINV C C C C C C C C C C= + + + + + + + + +  (23) 

m m totC r INV=   (24) 

where rm is system maintenance cost indicator.  202 

Annual return on electricity generation (EAe) and domestic hot water (EAw) are: 203 

e net eEA W top P=    (25) 

w dhw wEA m top P=    (26) 

where Pe and Pw are the price of electricity and domestic hot water, respectively. 204 

Capital recovery cost (CRF) and levelized electricity cost (LEC) of system are: 205 

(1 )

(1 ) 1

n

n

ii
CRF ii

ii

+
=

+ −
 (27) 

tot bf m

net

( )CRF C C C
LEC

W  top

 + +
=  (28) 

where ii is the annual interest rate of 5% [29]. 206 



Net annual income (NAI) and the net present value (NPV) are: 207 

e w m bfNAI EA EA C C= + − −  (29) 

20

tot

1 (1 )

n

n

NAI
NPV C

i

=

= −
+

  (30) 

where n is the system operating life of 20 years. The specific index parameters are shown in Table 3. 208 

Table 3. Economic parameters of the biomass-fired ORC-CHP system. 209 

Parameter Value 

Chemical engineering plant cost index in 2001 CEPCI2001 397 

Chemical engineering plant cost index in 2018 CEPCI2018 603.1 

Chemical engineering plant cost index in 2020 CEPCI2020 596.2 

Cost of biomass boiler Pboil (CNY/MWth) 12×104 

Price of biomass fuel Pbio (CNY/t) 500 

Price of electricity Pe (CNY/kWh) 0.87 

Price of domestic hot water Pw (CNY/t) 25 

Cost of system maintenance rM 1.65 

Annual running time top (h) 8000  

System operating life n (years) 20  

 210 

2.4 Environmental model 211 

In this study, Equivalent Carbon Emission (ECE) is adopted as the environmental evaluation 212 

index of the biomass-fired ORC-CHP system. The indicator of ECE mainly consists of direct 213 

emissions and indirect emissions. The direct emissions include leakage and losses of working fluids 214 

and heat source emissions, while the indirect emissions are mainly caused by energy consumption, 215 

construction phase and recovery phase losses [32]. In this study, the butane is chosen as the working 216 

fluid because of its excellent physical and environmental properties, which the ODP and GWP are 0 217 

and 20, respectively. Furthermore, the butane has a lower cost compared to other organic working 218 

fluids, hence lowering the total cost of the system. The specific properties are shown in Table 4. 219 

Table 4. Properties of working fluids. 220 

 221 

Working Fluid 
Critical Pressure 

(MPa) 

Critical Temperature 

(K) 
molecular mass ODP GWP 



Butane (R600) 3.796 425.01 58.12 0 20 

Equivalent Carbon Emission (ECE) is:  222 

( ) rECE FC nALR EOL GWP mCM m CMR=  +  + +  (31) 

where FC is a work mass charge of 5.57 kg/kW, GWP and ALR are working fluid global warming 223 

potential values and annual leakage rates of 20 and 2%, respectively. n and EOL are the system 224 

operating life and the loss rate of working fluid at the end, which are 20 and 10%, respectively; m and 225 

mr are the mass of non-renewable material and renewable material [33]. CM and CMR are the CO2 226 

production of per unit mass non-renewable and renewable material in manufacture and disposal 227 

processes [34]. The material mass for various components is presented in Table 5, and Table 6 228 

provides the information of material manufacturing and disposal emissions. 229 

Table 5. Equations of material mass for relevant components 230 
 231 

Component Material mass 

Evaporate 2 2 2 2

o i eva t i f

o

( ) ( )
[ ]

4 4
eva

d d A d dL
m V

d Y

  
 



− −
= =   +   

Condenser 2 2

o i cond
cond

o

( )

4

d d A
m

d






−
=    

Expander 
tur net31.22m W=   

Pump 
pump pump14.0m W=   

 232 

Table 6. Manufacturing and disposal emissions of material 233 

 234 

Material 

Virgin material 

manufacturing emissions 

(kgCO2, eq/kg) 

Mixed material 

manufacturing emissions 

(kgCO2, eq/kg) 

Disposal emissions 

(kgCO2, eq/kg) 

Steel 1.80 1.43 0.07 

Aluminum 12.6 4.50 0.07 

Copper 3.0 1.64 0.07 

Plastics 2.8 2.61 0.07 

 235 

3 Dynamic model and control strategies 236 

3.1 Dynamic model of heat source temperature 237 



The heat from the combustion of biomass is transferred to the heat transfer fluid (water) via the 238 

flue gas in biomass boiler, and then the water vapour is directed to an ORC evaporator to vaporize 239 

the organic working fluid. However, because of unstable mass flow rates of biomass and heat transfer 240 

fluids, the heat source also exhibits fluctuations in temperature. In this study, the inlet temperature of 241 

the fluctuating heat source is assumed as a step function in the following equation: 242 

h 160 (1 ) 273T = SCR  +  (32) 

where SCR is the step change rate (6%, 4% and 2% is selected in this study).  243 

3.2 Dynamic model of the biomass-fired ORC-CHP system 244 

3.2.1 Dynamic models for evaporator and condenser 245 

The methods for constructing dynamic models of heat exchangers mainly include the discrete 246 

method and the moving boundary (MB) method. In this paper, the MB method is chosen due to its 247 

high accuracy, reliability, and low computational workload. The schematic of three regions is depicted 248 

in Fig. 3. The essence of the MB model lies in dynamically monitoring the lengths of the three-phase 249 

regions (subcooling, two-phase, and superheating regions), determining the heat transfer coefficients, 250 

and subsequently solving for the desired values using energy and mass equations. The more details 251 

can refer to the literature [35]. 252 

 

 



Fig. 3. Schematic of the MB model 

The general differential mass balance and energy balance equations for the three regions, along 253 

with the simplified energy balance equation for the wall are: 254 

1 1

0 0

( )
0

L LA m
dz dz

t z

 
+ =

    (33) 

1 1 1

i i W r
0 0 0

( )
( )

L L LA h Ap mh
dz dz D T T dz

t z


 

 − 
+ = −

     (34) 

W
PW W W i i r W 0 0 a W( ) ( )

dT
C A D T T D T T

dt
    = − + −  (35) 

The phase-change heat exchanger MB model is obtained by integrating the aforementioned 255 

equations (33)-(35) for each of the three regions (L1, L2, L3) respectively. The dynamic modelling of 256 

the condenser follows a similar approach to that of the evaporator, utilizing the MB method. The 257 

specific design parameters of the heat exchanger are detailed in Table 7, with no phase transition 258 

occurring in evaporator 2. 259 

Table 7. Specific design parameters of the heat exchangers. 260 

Heat exchanger Design parameters 

Evaporator 1 
L1/L2/L3 (m) Tg,in (K) Tg,out (K) Tf,in (K) Tf,out (K) Qeva1 (kW) 

33.9/20.4/13.3 433 426.82 299.04 408 213.68 

Condenser 
L1/L2/L3 (m) Tcf,in (K) Tcf,out (K) Tf,in (K) Tf,out (K) Qcon (kW) 

1.92/8.36/2.05 298 304.02 347.92 308 185.26 

Evaporator 2 
L (m) Tg,in (K) Tg,out (K) Tcf,in (K) Tcf,out (K) Qeva2 (kW) 

28.18 426.825 400.78 304.02 333 891.58 

 261 

3.2.2 Dynamic models for the pump and expander 262 

Displacement pump is adopted in the study, and the mass flow rate of pump (mp) is: 263 

p v p,in cylm = V      (36) 

where ηV, Vcyl, and ω are the volumetric efficiency, cylinder volume, and pump speed, respectively 264 

[33].  265 

Shaft work of pump (Wp) and the enthalpy at pump outlet (hp,out) are: 266 

p p p,out p,in g( ) /W m h h =  −  (37) 



p,out p,in p,isout p,in sp( )h h h h = + −   (38) 

where ηg and ηsp are the isentropic pump efficiency and motor efficiency respectively, set to 0.7 and 267 

0.85 respectively. hp,isout is the ideal outlet specific enthalpy of the pump for isentropic process. 268 

Mass flow rate (mexp), shaft work (Wexp) of expander and the specific enthalpy of expander outlet 269 

(hexp,out) are: 270 

exp v exp,inm =C P  (39) 

exp exp exp,in exp,out g( )W m h h =  −   (40) 

exp,out exp,in exp,in exp,isout st( )h h h h = − −   (41) 

where Cv and P are the nozzle coefficient and the evaporating pressure, respectively. hexp,isout and ηst 271 

are the ideal outlet enthalpy of the expander for isentropic process and expander efficiency of 0.85, 272 

respectively [36].  273 

During the modelling of each system component, it's crucial to verify the accuracy of each part 274 

against the design conditions, with particular emphasis on the heat exchanger to ensure that the output 275 

of the dynamic model aligns with the design specifications. Once all components are established, the 276 

dynamic model of the biomass-fired ORC-CHP system can be derived by sequentially connecting 277 

each component. 278 

3.3 Model validation 279 

The comparison of simulation results between this study and Ref. [35] is depicted in Fig. 4. At 280 

10 s, the pump speed is increased by 5%, followed by a 10% increase in the external heat transfer 281 

coefficient at 40 s, and a 10% increase in the nozzle coefficient at 70 s. As shown in Fig. 4(a) and Fig. 282 

4(b), the evaporating pressure and the length of subcooling region keep increasing with pump speed 283 

(t=10 s), which is expected. The increase of external heat transfer coefficient (t=40 s) intensifies the 284 

heat transfer effect of the working fluid in the evaporator, resulting in the decrease of the length of 285 

the subcooling region and the increase of the evaporating pressure. A larger nozzle coefficient (t=70 286 

s) leads to a decrease in the temperature of the working fluid in the evaporator, which leads to a 287 

decrease in the length of subcooling region of the evaporating pressure. Furthermore, it can be seen 288 



that the dynamic model of this study is in sufficient agreement with the model in Ref. [35], and it 289 

could be used for subsequent research.  290 

 291 

(a) 292 

 293 

(b) 294 



Fig. 4. Model validation. (a) Evaporating pressure. (b) Length of subcooling region. 295 

3.4 Control Strategies 296 

The fluctuation of the heat source has a significant effect on the operating conditions and system 297 

performance. Therefore, it is necessary to stabilize the system operating conditions by applying 298 

control methods in non-stationary heat source conditions. The control method mainly includes the 299 

active control according to the input heat source conditions, and the passive control according to the 300 

feedback signal of the system operation condition. Three control methods are selected in this study, 301 

which are static feedforward active control, PID passive control, and the combination of both.  302 

In this study, to ensure the security of the biomass-fired ORC-CHP system involves preventing 303 

the ingress of the liquid working fluid into the expander and the decomposition of the working fluid, 304 

the superheat degree of the evaporator outlet (Tsup) is adopted as the control target parameter. 305 

Furthermore, maintaining the stability of the system's output power requires controlling the expander 306 

shaft work (Wexp), with the pump speed (ω) serving as the controlled input variable. 307 

The logic of the three control methods is shown in Fig. 5. The feedforward active control strategy 308 

involves computing the control input for various heat source temperatures using the heat transfer 309 

equilibrium principle, thereby obtaining the MAP between heat source temperatures and the control 310 

input. As the heat source temperatures varies, real-time adjustments to the control input are made 311 

based on this MAP to achieve the desired control effect [24]. The second control method is based on 312 

proportional-integral-derivative (PID) control, and it is implemented by utilizing the PID Controller 313 

module in Simulink. The PID controller reads the difference between the control variable and the 314 

control target in real time, and adjusts the control input variable through the superposition of 315 

proportional, integral and differential links, then adjusts the control variable to the control target [36]. 316 

In this study, the PID control method adopts the real-time Tsup and Wexp as the feedback variable, and 317 

controls the ω by the PID controller. The third control method is a combination of PID control and 318 

static feedforward control, the control input is still based on the MAP of the static feedforward control, 319 

but adds the second correction of the PID controller to the control input. 320 



 321 

Fig. 5. Logic of three control methods 322 

4 Results and discussion 323 

4.1 Dynamic characteristics of step change working conditions 324 

The dynamic behaviour of the biomass-fired ORC-CHP system is significantly affected by the 325 

heat sources characteristic. Therefore, it is significant to investigate the effect of heat source 326 

characteristic on the dynamic behaviour to evaluate the system adaptability. In this section, the effects 327 

of Th on system operating parameters (Tsup, Peva, mf), the thermodynamic performance indicators (Wexp, 328 

Wnet, ηORC,th, ηORC-CHP,th), environmental and economic characteristics (ECE, LEC, NPV) are 329 

investigated. The heat source characteristics (Th) maintain the design working condition between 0-330 

50 s, rise according to the step change ratio (SCR) from 50-150 s, return to the design working 331 

condition from 150-250 s, and finally decrease from 250-350 s. The SCR of Th are 2%, 4% and 6%, 332 

respectively. In order to evaluate the system dynamic response speed, the rise time and settling time 333 

are adopted, while the shorter time represents the faster response speed. The rise time is the time 334 

required for the response to rise from 10%-90 % of its final value in overdamped systems (since most 335 

of the parameters in this study vary drastically at the initial changes of heat source, it approximates 336 

from 0%-90%), and 0%-100% for underdamped systems. The settling time is the time required for 337 



the response to reach and stay within a range of certain percentage (2%) of the final value [37]. The 338 

main design working conditions of the biomass-fired ORC-CHP system is shown in Table 8. 339 

Table 8. Main design parameters of the biomass-fired ORC-CHP system. 340 

 341 

The parameters of the biomass-fired ORC-CHP system Value 

Expander shaft work Wnet 30 kW 

Domestic hot water outlet temperature Tdhw 333 K 

Heat source inlet temperature T9 433 K 

Evaporating temperature Teva 393 K 

Evaporating pressure Peva 2.21 MPa 

Superheat degree Tsup 15 K 

Condensing temperature Tcon 308 K 

Isentropic efficiency of expander ηst 0.85 

Isentropic efficiency of pump ηsp 0.85 

Pressure loss of domestic hot water pumps and boiler pumps P_loss 0.15 MPa 

Mass flow rate of heat source mhf 8 kg/s 

Mass flow rate of working fluid mwf 0.41 kg/s 

Mass flow rate of domestic water mcf 7.36 kg/s 

Figure 6 shows the effect of heat source temperature (Th) on the dynamic characteristics of 342 

superheat degree (Tsup), evaporating pressure (Peva) and mass flow rate of working fluid (mf). As 343 

shown in Fig. 6(a), in the step-up phase of 50-150 s, the Peva exhibits a tendency of first drastic 344 

increasing and then decreasing with Th, while the increase time is about 2.1 s. It is prevalent due to 345 

the response delay inside the evaporator, and it is negatively related to the heat transfer coefficient of 346 

the heat source. Furthermore, with the step increase of Th, the heat transfer rate of the evaporator1 347 

(Qeva1) keeps increasing with the average temperature of the heat source, resulting in the increase in 348 

Peva. However, with the decrease in heat source temperature at the evaporator outlet, the Qeva1 349 

gradually increases, causing the Peva to start to slow down. As shown in Fig. 6(b) and Fig. 6(c), the 350 

Tsup and mf present the same trend during 50-150s, with an increase first and then stabilization. It is 351 

worth noting that the Tsup exhibits a downward fluctuation at the beginning due to the sharp rise of 352 

Peva, but keeps increasing with the decrease of Peva. From Eq. (36), the mf is mainly influenced by the 353 

density of the working fluid at the pump inlet. Moreover, the heat transfer rate of the condenser keeps 354 



increasing with Qeva1, leading to a decrease in the enthalpy of the working fluid at the pump inlet, 355 

while the mf presents an increasing trend with Th. Similar to the rising phase of the Th, the Peva, Tsup 356 

and mf exhibit the opposite trend when the Th decreases. Meanwhile, when the SCR is 6%, 4% and 357 

2%, the relative average variations of the Peva are 3.55%, 2.44% and 1.21%, while that of Tsup are 358 

57.3%, 37.1% and 18.5%, respectively. The relative average variations of mf are the least, with 359 

0.708%, 0.489% and 0.244%, respectively. From the above findings, it can be found that the Th has 360 

the greatest effect on the Tsup, and the average variation of Tsup is 8.14 °C. It is a broad swing and 361 

required to pay extra attention to the damage on the expander and the working fluid when the Tsup is 362 

too low or too high in actual operation. Therefore, the control strategy of Tsup is essential to ensure 363 

the security of the biomass-fired ORC-CHP system. In addition, it also can be found that the rise time 364 

of Peva, Tsup and mf are 25.91 s, 21.14 s and 26.01 s, and the settling time are 39.56 s, 38.41 s and 365 

41.66 s, respectively. The Tsup has the fastest response speed, whereas the mf yields the slowest 366 

response speed. 367 

 368 

(a) 369 



 370 

(b) 371 

 372 

(c) 373 

Fig. 6. Variations of key operating parameters with heat source temperature. (a) Evaporating 374 

pressure. (b) Superheat degree of evaporator outlet. (c) Mass flow rate. 375 



The effect of Th on the dynamic characteristics of Wexp, Wnet, ηORC,th and ηORC-CHP,th is shown in 376 

Fig. 7. For these thermodynamic indicators, the Wexp and Wnet determine the generating capacity and 377 

production capacity of the biomass-fired ORC-CHP system, while the ηORC,th and ηORC-CHP,th ascertain 378 

the energy utilization efficiency of the ORC loop and the whole system, respectively. As shown in 379 

Fig. 7(a), it can be seen that the trend of the Wexp with Th is similar to the Peva, with both exhibiting 380 

negative damping characteristics. The Wexp are mainly affected by the mass flow rate of working fluid 381 

in the expander and enthalpy difference. With the rise of the Th at 50 s, the Peva maintains a rapid 382 

increase, resulting in the increase of the mass flow rate of the expander, which leads to the increase 383 

of the Wexp. Moreover, with the decrease in Peva and the increase in inlet enthalpy of the expander, the 384 

expander shaft work begins to decrease. From Fig. 6(c), it can be found that the Th has the least effect 385 

on the mf, so the shaft work of pump varies relatively slightly, leading to the similar trend of the Wexp 386 

and the Wnet. From Fig. 7(c), the ηORC,th presents a decreasing trend with Th, which may be attributed 387 

to the fact that the increment of Qeva1 is much larger than the Wnet. Different from the ηORC,th, the heat 388 

transfer rate of domestic water (Qdhw) also affects the ηORC-CHP,th, while Qdhw keeps increasing with 389 

the Th, resulting in the increase in the ηORC-CHP,th. 390 

As shown in Fig. 7, when SCR is 6%, 4% and 2%, the average absolute variations of Wexp are 391 

1.46 kW, 0.81 kW and 0.43 kW, while that of the Wnet are 1.09 kW, 0.77 kW and 0.41 kW, respectively. 392 

Meanwhile, the average absolute variations of ηORC,th are 0.34%, 0.23% and 0.12%, while that of the 393 

ηORC-CHP,th are the least, with 0.13%, 0.08% and 0.02%, respectively. Moreover, it can also be found 394 

that the average relative variations of Wexp, Wnet, ηORC,th and  ηORC-CHP,th are 4.86%, 4.16%, 2.55% and 395 

0.14%, respectively, with the SCR of 6%. The influence of Th on Wexp is the greatest and that on 396 

ηORC,th is the least. The reason for this is that the ηORC-CHP,th is not only affected by the Wnet, but also 397 

affected by the Qdhw, and Qdhw remains stable. In addition, the rise times for Wexp, Wnet, ηORC,th and 398 

ηORC-CHP,th are 29.41 s, 28.51 s, 26.61 s and 22.01 s, and the settling times are 42.91s, 42.16s, 40.66s 399 

and 42.06s, respectively.  400 
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Fig. 7. Variations of thermodynamic performances with heat source temperature. (a) Expander shaft 409 

work. (b) Net output work. (c) Thermal efficiency of ORC loop. (d) Thermal efficiency of biomass-410 

fired ORC-CHP system. 411 



Figure 8 demonstrates the effect of Th on the dynamic characteristics of the levelized electricity 412 

cost (LEC), the net present value (NPV) and Equivalent Carbon Emission (ECE). The LEC and NPV 413 

are the economic performance indicators, which can be applied to evaluate the economic feasibility 414 

and economic return of the system, respectively. Furthermore, the ECE could help to evaluate the 415 

impact on the environment and provide a reference for the sustainable development. The lower LEC 416 

and higher NPV represent greater economic performance, and the smaller ECE indicates superior 417 

environmental performance. As shown in Fig. 8(a) and Fig. 8(b), with the increase of the Th, the LEC 418 

keeps decreasing, while the NPV displays the opposite trend, implying the better economic 419 

performance of the biomass-fired ORC-CHP system. As indicated in Fig. 8(c), the ECE keeps 420 

decreasing with Th, representing a superior environmental performance. Since there are numerous 421 

parameters influencing the economic indicators, such as the cost of each major component and 422 

biomass fuel, the profit of the expander electricity generation and domestic hot water, so it is difficult 423 

to analyse the specific influence mechanism. Furthmore, the rise time and settling time of the ECE 424 

are 24.14 s and 36.52 s, respectively. 425 
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Fig. 8. Variations of economic and environmental performances with heat source temperature. 432 

(a) LEC. (b) NPV. (c) ECE. 433 

4.2 Effect of controlled superheat on dynamic characteristics  434 



As discussed in section 4.1, it can be found that the fluctuation of heat source has a great 435 

influence on the operating parameters of the system, especially for the Tsup, where the variation of 436 

Tsup reaches 7.2 K with the SCR is 6%. However, excessive variations of Tsup cause a large impact on 437 

the evaporator which might affect the system safety performance. Therefore, three control methods 438 

are adopted to reduce the variations of Tsup, which ensure the system safety. In this section, the SCR 439 

of Th is selected as 4%, while the characteristics of the heat source are similar to Section 4.1. For the 440 

response speed of the control strategy, since the response curve of the Tsup under the control strategy 441 

presents an underdamped state, the response time is defined as the time to reach the steady state (2% 442 

error band is selected in this study). 443 

Figure 9 represents the effect of the control strategy of Tsup on the dynamic characteristics of 444 

Tsup, Peva and mf. In this study, the control method is realized by controlling the pump speed and hence 445 

changing the mf. As shown in Fig. 9(a), it is clear that the three control methods have excellent control 446 

effect on Tsup. The Tsup displays a parabolic trend, with the overshoot of 2.38 K for the PID control, 447 

the feedforward control and the combined control exhibit the same overshoot of 1.23 K during 50-448 

150 s. From Fig. 9(b) and Fig. 9(c), it can be found that the control strategy has a significant effect 449 

on the final values of Peva and mf, but the final values of the three control methods are the same. The 450 

absolute variations of Peva and mf with no control are only 53.5 kPa and 0.0023 kg/s respectively, but 451 

under the control strategy of Tsup, the absolute variations of Peva and mf increase to 186.5 kPa and 452 

0.03745 kg/s respectively. Compared to without control, the absolute variation of Peva and mf is 453 

increased by 248% and 1485% under the control strategy. These findings can be explained that the 454 

three control methods exploit altering the pump speed and then varying the mf to achieve the control 455 

effect. Therefore, in order to maintain the stable of Tsup, it is necessary to enhance the fm , causing the 456 

Peva also increases, but the increase rate of Peva is much smaller than the mf.  457 

For the three controls methods, it can be found that the PID control has the longest response time 458 

of 25.86 s, the combined control is the shortest of 12.31 s, and the feedforward control is 20.14 s. 459 

Compared to without control, the dynamic response times of PID control, feedforward control and 460 



combined control improved by -7.12%, 16.57% and 49.01%, respectively. This is because PID control 461 

is a passive correction based on the deviation of real-time operating data from the target value, while 462 

feedforward control is an active correction based on the heat balance, so the response speed of 463 

feedforward control is faster than PID control. For the combined control, it is mainly driven by the 464 

feedforward control, and the PID control provides secondary correction, resulting in the fastest control 465 

response time. 466 
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Fig. 9. Variations of key operating parameters with heat source temperature under the control 473 

strategy of superheat degree. (a) Superheat degree of evaporator outlet. (b) Evaporating pressure. (c) 474 



Mass flow rate. 475 

The effect of the control strategy of Tsup on the dynamic characteristics of Wexp, Wnet, ηORC,th and 476 

ηORC-CHP,th is shown in Fig. 10. As seen in Fig. 10(a) and Fig. 10(b), compared to without control, the 477 

increase in mf leads to an increase in the variation of Wexp and Wnet. The absolute variation of the Wexp 478 

and Wnet without control are 0.81 kW and 0.77 kW, respectively, whereas that with the control strategy 479 

are 4.02 kW and 3.7 kW, which increase by 396% and 381%, respectively. From Fig. 10(c), It should 480 

be noted that the ηORC,th exhibits an increasing trend with Th under the control strategies, presenting 481 

the opposite trend of without control. The reason for this is that the Wnet appears greater enhancement 482 

under the control effect, while the Qeva1 increases smaller, leading to an increase in ηORC,th. It can be 483 

seen from Fig. 10(d) that the effect of the control strategy on the ηORC-CHP,th is small. The reason for 484 

this is that the ηORC-CHP,th is affected by the Wnet and the Qdhw, while the variation of mf has little effect 485 

on the Qdhw. Therefore, considering the thermodynamic performance of the biomass-fired ORC-CHP 486 

system, the control strategy of Tsup has a significant improvement when the Th keeps increasing. 487 
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Fig. 10. Variations of thermodynamic characteristics with heat source temperature under the 496 

control strategy of superheat degree. (a) Expander shaft work. (b) Net output work. (c) Thermal 497 

efficiency of ORC loop. (d) Thermal efficiency of biomass-fired ORC-CHP system. 498 

Table 9 compares the overshoots and response times for different control methods under the 499 

control strategy of Tsup. In terms of different control methods, PID control is the most classical model-500 

free closed-loop control method, which can be widely implemented in various control strategies. 501 

However, it can be seen from Table 9 that the control response time is long with 25.86 s. For systems 502 

requiring fast response and high accuracy, a further optimization or integration with additional control 503 

methods may be necessary. The feedforward control has a significantly faster control response time 504 

of 20.14 s, which may be contributed to the need of calculating the control quantities in advance and 505 

acting directly on the control object. However, the variation of heat source temperature is random and 506 

irregular in practical applications, and how to calculate the control quantity according to the random 507 

heat source temperature and improve the accuracy of the calculation model become the focus of future 508 

research. The combined control deserves more attention as a novel control method in more demanding 509 

control strategies, which not only utilizes feedforward control to improve the dynamic response 510 



performance, but also provides steady state error compensation through PID control. 511 

For the control strategy of Tsup, although the primary purpose is to guarantee the security of the 512 

biomass-fired ORC-CHP system, it is also desired to improve the system performance on this basis. 513 

From the Table 9, it can be seen that this requirement is fulfilled when the Th increases, in which the 514 

output power and system efficiency are enhanced. In order to minimize the disturbance to the system 515 

caused by the rise in Th, a higher mf is required to reduce the heat transfer rate of per unit mass flow 516 

rate, thereby mitigating this effect. 517 

Table 9. Comparison of three control methods in the control strategy of superheat degree 518 

 

Feedforward controlled PID controlled Combined controlled 

Overshoot 
Response 

time 
Overshoot 

Response 

time 
Overshoot 

Response 

time 

Tsup (℃) 1.23 20.14 s 2.38 25.86 s 1.23 12.31 s 

Peva (MPa) 0.186 - 0.186 - 0.186 - 

mf (kg/s) 0.0374 0.76 s 0.0447 15.18 s 0.0405 9.35 s 

Wexp (kW) 4.02 - 4.02 - 4.02 - 

Wnet (kW) 3.7 - 3.7 - 3.7 - 

ηORC,th 0.49% - 0.49% - 0.49% - 

ηORC-CHP,th 0.14% - 0.28% - 0.14% - 

 519 

4.3 Effect of controlled expander shaft work on dynamic characteristics 520 

As demonstrated in Section 4.2, the three control methods present better control effects in the 521 

Tsup, but have a strong impact on the Wexp, resulting in the instability of the Wnet. However, the unstable 522 

of output work will cause a serious damage to the generator, and it is expected to obtain a stable output 523 

work in most practical situations. Therefore, in this section, the Wexp is selected as the control target 524 

and three control methods are adopted to ensure the system stability. Similar to the control strategy 525 

of Tsup, the SCR of Th is 4%, and the variation time is 350 s. 526 

Figure 11 represents the effect of the control strategy for Wexp on the dynamic characteristics of 527 

Tsup, Peva and mf. Unlike the control strategy of Tsup, the Tsup exhibits an increasing trend compared to 528 

without control with the increase of Th, while the Peva and mf decrease. The absolute variation of Tsup 529 



under the control strategy is 7.01 K, which increases by 26.08% compared to without control, and 530 

decreases by 61.11% of Peva. In this control strategy, it is necessary to achieve the control effect of 531 

the Wexp by reducing the mf when the Th rises, and hence the mf exhibits a decreasing trend compared 532 

to without control. As shown in Fig. 11(c), it can be seen that the steady state of mf decreases by 533 

0.0063 kg/s from 50 to 150 s, and decreases by 0.0083 kg/s compared to without control. 534 

 535 
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Fig. 11. Variations of key operating parameters with heat source temperature under the control 541 

strategy of expander shaft work. (a) Superheat degree of evaporator outlet. (b) Evaporating 542 

pressure. (c) Mass flow rate. 543 



Figure 12 represents the effect of the control strategy for Wexp on the dynamic characteristics of 544 

Wexp, Wnet, ηORC,th and ηORC-CHP,th. As shown in Fig. 12(a), the three control methods exhibit an 545 

excellent control effect in Wexp, and the PID control and combined control have the same overshoot 546 

and response time, which are 0.91 kW and 7.76 s, respectively. However, it can also be found that the 547 

combined control reaches stabilization faster compared to the PID control. The reason for this is that 548 

the combined control is also influenced by the feedforward control, resulting in the increase in the 549 

response speed. Moreover, the feedforward control shows the worst control effects, while the 550 

overshoot and response time are 1.98 kW and 21.94 s, respectively. Similar to the Wexp, the combined 551 

control method also has the best control effect on the Wnet, and the feedforward control is the worst. 552 

From Fig. 12(c) and Fig. 12(d), since the Wexp remains 30 kW under the control strategy, the Qeva1 553 

keeps increasing at 50-150 s, resulting in a decrease in the ηORC,th. The effect of the control strategy 554 

on the ηORC-CHP,th is minor and mainly receives the influence of Th. In contrast to the control strategy 555 

for Tsup, more emphasis should be placed on the phase of Th decrease occurring between 250-350 s. 556 

It can be found with the decrease of the Th, the Wexp, Wnet and ηORC,th increase by 0.94 kW, 0.96 kW 557 

and 0.32%, respectively. The control strategy of Wexp significantly enhances the thermodynamic 558 

performance of biomass-fired ORC-CHP system when the Th decreases. 559 

 560 
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Fig. 12. Variations of thermodynamic characteristics with heat source temperature under the 568 

control strategy of expander shaft work. (a) Expander shaft work. (b) Net output work. (c) Thermal 569 

efficiency of ORC loop. (d) Thermal efficiency of biomass-fired ORC-CHP system. 570 

Table 10 compares the overshoots and response times for different control methods under the 571 

control strategy of Wexp. Different from the control strategy of Tsup, the control strategy of Wexp is 572 

more complex due to it is determined by more parameters, which including mf, inlet and outlet 573 

pressures of the expander. The feedforward control method demonstrates inadequate control 574 

behaviour compared to more complex strategies, as evidenced by the longest response time recorded 575 

in the table at 23.22 s. This is because feedforward control requires considerations of the effect of mf 576 

on the inlet and outlet expander pressures when altering the mf, which requires a higher accuracy of 577 

the model compared to PID control, thereby restricting the application of feedforward control in 578 

complex control strategies. PID control shows relatively strong stability in various control situations, 579 

but the workload of parameter adjustment will increase for complex control strategies. Combined 580 

control still performs the best control effect, while the overshoot and settling time are 0.99 kW and 581 

17.76 s, respectively. For the control strategy of Wexp, the mf is increased under the control strategy to 582 



ensure the stability of the Wexp when the Th decreases. The system performance improved with this 583 

strategy, whereas the Tsup at the evaporator outlet decreases. Therefore, achieving a balance between 584 

these factors becomes crucial in practical applications. 585 

Table 10. Comparison of three control methods in the control strategy of expander shaft work 586 

 

Feedforward controlled PID controlled Combined controlled 

Overshoot 
Response 

time 
Overshoot 

Response 

time 
Overshoot 

Response 

time 

Tsup (℃) -7.21 - -7.21 - -7.21 - 

Peva (MPa) -0.096 - -0.055 - -0.055 - 

mf (kg/s) 0.0138 23.22 s 0.0466 21.94 s 0.0466 17.76 s 

Wexp (kW) -1.85 23.22 s -2.24 21.94 s -0.99 17.76 s 

Wnet (kW) -1.85 - -2.16 - -1.15 - 

ηORC,th 0.57% - 0.57% - 0.57% - 

ηORC-CHP,th -0.45% - -0.37% - -0.63% - 

 587 

The variations of LEC, NPV and ECE under different control strategies are shown in Fig. 13. 588 

From Fig 13, it can be found that the control strategy of Tsup has a greater impact on the economic 589 

performance of the biomass-fired ORC-CHP system compared to the control strategy of Wexp. The 590 

LEC decreases by 12.4×10-5 $/kWh and 5.1×10-5 $/kWh under the control strategy of Tsup and Wexp 591 

compared to without control, while the NPV increases by 9.4×10-3 $ and 9.3×10-3 $, respectively. 592 

Furthermore, it also can be found that the environmental performance is better under the control 593 

strategy of Tsup, while the variation of ECE reaches 3.24×10-5 2,eqtonsCO . In conclusion, the control 594 

strategy of Tsup presents a relatively higher economic and environmental performance of the biomass-595 

fired ORC-CHP system compared to the control strategy of Wexp. The reason for this is that the control 596 

strategy of Wexp limits the output power of the system, resulting in the reduction of economic and 597 

environmental performance. 598 
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Fig. 13. Variations of LEC, NPV and ECE under different control strategies. 600 

5. Conclusion 601 

The dynamic behaviour and performance evaluation of a biomass-fired ORC-CHP system under 602 

different control strategies are investigated. The dynamic model of a biomass-fired ORC-CHP system 603 

is developed using Simulink software. The dynamic behaviours of the key operating parameters (Tsup, 604 

Peva and mf) and thermodynamic, economic and environmental performance with the heat source 605 

temperature are examined. Furthermore, in order to maintain the safety and the stability of the output 606 

power, two control strategies (control strategy of Tsup and Wexp) and three control methods 607 

(feedforward control, PID control and combined control) are applied in this study. The conclusions 608 

obtained are as follows: 609 

(1) In terms to the dynamic behaviour of key operating parameters, the Th has the greatest effect 610 

on Tsup with the variation of 8.36 K when the SCR is 6%, while the mf is the least of 0.0029 kg/s. 611 

Furthermore, the Tsup presents the fastest response speed with the rise time of 21.14 s. The ηORC,th 612 

shows a decreasing trend with Th, while the Wexp increases by 4.02 kW when the SCR is 6%.  613 

(2) The combined control performs the best control effect in the control strategies of Tsup and 614 



Wexp, while the control response time are 12.31 s and 7.76 s, respectively. Moreover, the feedforward 615 

control method exhibits a poor control behaviour under the control strategy of Wexp, while PID control 616 

displays a relatively strong stability in various control situations. 617 

(3) The control strategy of Tsup enhances the system performance when the Th increases, whereas 618 

that of Wexp exhibits a system improvement when he Th decreases. Compared to without control, the 619 

Wexp and ηORC,th of the control strategy of Tsup increase by 3.21 kW and 0.78%, while that of the 620 

control strategy of Wexp increase by 1.01 kW and 0.32%, respectively. 621 

(4) The control strategy of Tsup presents a significant improvement in the economic and 622 

environmental performance of the biomass-fired ORC-CHP system. 623 

This study focuses on the dynamic behaviour of biomass-fired ORC-CHP system under different 624 

control methods and control strategies, and the results can provide theoretical references for industrial 625 

applications. However, the response speed of PID control is weak and feedforward control performs 626 

poorly under complex control strategies. How to improve the response speed and accuracy of the 627 

control method and how to de-balance the relationship between Tsup and Wexp under the control 628 

strategy are expected to be the focus of subsequent research. 629 
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