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Abstract

Large amount of waste heat is available for recovery in industrial procesddsvider However,
significant proportion (up to 50%) of this thermal energy is releasedtlyi to the environment.
Application of waste heat to power (WHP) technologies can increase the effieigp@f and cut CQ
emissions from these facilities. Steam Rankine cycle (SRC) and organic Rapélied ORC) are
commonly deployed for this purpose. The main drawback of SRC and ORC is the higtsibitty

in the heat exchangers. In addition, ORC has limited temperature range and low effididacyRC
has a large footprint. Supercritical €&CQ) power cycle is considered an attractive option, which
provides better matching of waste heat temperature in the main heater (iresVevsibility). It offers
compact design, improved performance and it is applicable to a wide range of wasieuneat
temperature. The conditions of industrial waste heat sources are highly vddabte continuous
fluctuations in the operation of the process. This is likely to significaaffect the dynamic
performance and operation of the s(Ower cycle. In this work, dynamic model in Matlab/Simulink
was developed to assess the dynamic performance and control of thpas@D cycle for waste heat
recovery from cement industry. The case of waste heat iC386lized to deliver 5 MWe of power
was considered. Steady state simulation was performed to determine the desigalpes. Open loop
simulation was performed to show the inherent dynamic response to step change in the temperature of
the waste heat. The dynamic performance and control of the system under edngust gas flow rate
between 100% and 50% of the design value were studied. Similar study was dargifoy @xhaust

gas temperature between 380and 300C. The results showed that the thermal efficiency of proposed
single recuperator recompression s@about 33%. Stable operation of the system can achieved by
using cooling water control and throttle valve to maintain constant precooldraauttktion. Dynamic
simulation result showed that it is best to allow the turbine inlet tempenatwary according to the
fluctuation in the waste heat source. These findings indicated that dynamidimgodedt! simulation

of WHP system could contribute to understanding of the behaviour and control sigstelmpment
under fluctuating waste heat source conditions.
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Graphical abstract

BVC —Bypass valve controller
CWC - Cooling water controller b

V1 - Conitrol valve
V2 - Throttle valve

400

300
MC g@ Teio (5}
H ‘s 200
CWC

TCI

Exhaust gas
mn

Water in

'S

100 ¢

< Precooler of
l

Temperature [ "C

HRHX E

-100 ¢
05 1 16

Water out Entropy [kJ/kg.K]

3a

Exhaust gas ""{\Yl
out

<
)

2
%o

Recuperator

2 25

Keywords

Waste heat recovery
Cement industry
Supercritical CQcycle
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Industrial processes
Highlights
¢ Dynamic model development in Matlab/Simulink proposed
e Analysis of control strategy for the WHR system
e Dynamic performance evaluation under varying heat source condition
e Supercritical CQpower cycle is promising for WHR application

Nomenclature and Units

Abbreviations

BVC Bypass valve controller

cwcC Cooling water controller

G Generator

HRHX heat recovery heat exchanger
MC main compressor

NIST National Institute of Standards and Technology
ORC organic Rankine cycle

PCHE Printed Circuit Heat Exchanger
PID Proportional-Integral-Derivative
RC Recompression compressor
sCO; supercritical carbon dioxide
SRC steam Rankine cycle

T-S temperature-entropy




tCO; transcritical carbon dioxide

TURB turbine
WHP waste heat to power
WHR waste heat recovery
60
61 Symbols
C Specific heat capacity (J/kg.K)
Cy, Constant valve construction coefficientjm
e(t) Error signal
h Specific enthalpy (kJ/kg)
Ji Inertia (kg.n%)
Kq Derivative gain of PID controller
K; Integral gain of PID controller
K, Proportional gain of PID controller
M Mass (kg)
m Mass flow rate (kg/s)
P Pressure (Pa or NAnor Power (W or J/s)
PR Pressure ratio
Q Heat duty (watt or J/s)
T Temperature (K)
t time (second)
U Impeller tip speed (rad/sec)
u(t) Control signal
|4 Volume (n¥)
y Fraction valve opening
y Relative pressure loss or friction loss coefficient)m
n Efficiency
K Constant of proportionality for heat transfer coefficient
T Time constant (seconds)
p Density (kg/nd)
¢ Flow coefficient
Y Pressure ratio coefficient
N Rotational speed (rev/s)
62
63 Subscripts
0 Set point
c Compressor or cold stream
gen Generator
h Hot stream
in inlet
isen Isentropic
load Electrical load
mc Main compressor
out Outlet
rc Recompression compressor
t Turbine
w Metal wall

64



65 1 Introduction

66 Increased concentration of anthropogenic @@he atmosphere due to fossil fuel combustion is widely
67 Dbelieved to be responsible for global warming and extreme climate change. In gartraidstrial

68 processes are energy intensive, up to 70% of the energy is provided by fossil fabband0% of

69 (global CQ emissions are attributable to the industrial sector [1]. Hence, reductioD.afmissions

70  from industrial processes is critical to achieving the target qfikgeglobal temperature rise to well
71 below 2C above pre-industrial levels as set out in the Paris Agreement at COP 21 im20fypital

72  cement industry, it is estimated that about 40% of the input fuel endagy is the waste heat streams
73 [2, 3]. Therefore, the use of waste heat to power technologies (WHP) terescone of the thermal
74  energy can increase the energy efficiency and redugee@8sions from these facilities.

75 Organic Rankine cycle (ORC) and steam Rankine cycle (SRC) are commonly ineéstigavaste

76 heat recovery (WHR) applicatiorf4-11]. However, ORCs are mostly restricted to low heat source
77 temperatures below 30C due to risk of decomposition of the organic fluid [10, 12] while SRCs tend
78 to have large plant footprint. On the other hand, supercritical and trans-criticglo@@r cycles have

79 beenidentified in several studies as a promising technology for both low, meditngatemperature

80 WHR. In supercritical cyc 1a), the working fluid operates entirely aboustical pressure

81 while in trans-critical cyclg (Figure| 1b), the working fluid passes thrdagth subcritical conditions

82  and supercritical conditions [13]. The main benefits o 6&sed power cycles compared to ORC and
83 SRC include [14-17]: (a) it is applicable to a wide range of temperature (up to°@ROM) less

84 irreversibility in the recovery heat exchanger i.e. better temperature pnafithing between the waste
85 heat and the working fluid; (c) improved performance even at temperature bel8®;4aDit is non-

86 toxic, non-flammable and non-corrosive; (e) it has low global warming poté¢BN&P); and (6) it is

87 more compact compared to SRC.
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(a) Supercritical CQcycle (b) Trans-critical CQcycle

88  Figure 1: Temperature-Entropy diagrams of supercritical and trans-criticgd@@r cycles

89 Karellas et al. [18] performed energetic and exergetic analysis of SRORMAIVHR systems in the
90 cement industry and concluded that WHR can significantly reduce electricity consumptiatingpe
91 cost. Chen et al [19] compared the performance of trans-critica{tCO2) cycle with an ORC using
92 R123 as working fluid for WHR applications. The study showed that thep@@er cycle has a higher
93 efficiency than the ORC due to better temperature matching between the waste heansbilne€0Q
94  working fluid. There is no pinch limitation in the recovery heat exchanger @@heycle. Sarkar [16]
95 presented a comprehensive review of supercritical GOQ) power cycle for waste heat conversion
96 and highlighted its benefits and future trends. Detailed analysis based on energy, fexergize
97  thermodynamics and heat exchanger’s surface for a CO- transcritical power cycle using industrial low-
98 (grade heat source was presented by Cayer et al [20]. The calculations wiek aarifor fixed
99 temperature and mass flow rate of the heat source, fixed turbinandleboler outlet temperature in
100 the cycle and fixed sink temperature to determine the optimum maximum cycle pressugeantfa
101 Dai [21] performed exergetic and economic analysis for a cascadedtGOLcycle for waste heat



102 rewmvery and compared the performance to a#ORC system. The results showed that the #CQO»
103 system performs better than the S{fLIRC system.

104 Various layouts have been investigated in the literature for improuneg performance of

105 supercritical/trans-critical C£Opower cycle. Mondal and De [22] investigated the implementation of
106  multi-stage compression and intercooling for possible improvement of therpanfce of CQ based

107 power cycle using low temperature waste heat. The developed thermodynamic model indicated th
108 existence of an optimum combination of the cycle minimum pressure and theeuhtserpressure.

109 For engine WHR, Shu et al [23] suggested an improvegdh@®ed power cycle containing a preheater
110 and a recuperator. The improved Cliased power cycle gives better performance compared to the
111 basic cycle and the ORC. Thermodynamic modelling of a recompressippd@@r cycle for WHR

112 was performed by Banik et al [24] for potential higher cycle efficiency. The duymamic

113 performance of basic recuperated s@gxle is limited by heat capacity mismatch in the recuperator.
114 The recompression sG@ycle, which has two recuperators, is commonly used to minimise the effect
115 of heat capacity mismatch in the recuperator. Olumayegun [25] suggested tkerstugperator

116 recompression cycle for low temperature heat source. The single recupsranopression sC@ycle

117 also resolves the heat capacity mismatch and it is simpler than the recompresisidayout. This

118 cycle is proposed in this study for WHR application.

119 Lietal. [26] reported the results of preliminary tests on dynamic charaiceedstCQ power cycle in

120 a kW-scale test bench for recovering exhaust energy from a diesel engine. Experilaentfalr

121 dynamic responses to changes in,@0Omp speed and expansion valve pressure ratio were presented.
122  However, test bench facilities are usually too small to include all ther mamponents and attributes
123 of a commercial scale plant. Hence, Alobaid et al. [27] emphasized the applicatitymawhic

124  modelling and simulation as an inexpensive tool for the analysis of power plant iffedenttransient

125 operating conditions and for control system development in their comprehensive review ofcdynam
126  modelling of various thermal power plant. Compared to #00, based power cycle, the dynamic
127  modelling and simulation of ORC/SRC for WHR have received much more attention [28ir&hez-

128 Arreola et al [31] studied the dynamics of ORC evaporator under fluctuedistg heat source condition
129 with particular focus on the influence of the evaporator geometry and mat€neddin et al. [29]

130 employed dynamic modelling to predict the dynamic behaviour and compared three differteoit

131 strategies under varying flow rate and temperature of waste heat sousceniat-scale ORC. Sun et
132 al [32] investigated dynamic optimal design of SRC utilising industrial waed¢ with fluctuating

133 temperature and mass flow rate of exhaust gas.

134 In the literature, only few modelling and simulation studies have been conductedetstand the
135 dynamic behaviour and control of selased power cycle for waste heat applications. Most modelling
136 studies on the development of sgfiower cycle for WHR concentrate on the steady state performance
137 evaluation through energetic and exergetic analysis, optimisation of design paras)ettns)

138 configurations and economic analysis under a constant heat source condition. Howevers flesvmas
139 rate and temperature of industrial waste heat sources are highly variable due tmuoertirctuations
140 in the operation of the industrial processes [33]. This will signifigaftect the dynamic performance
141 and operation of the sG@ower cycle. Li et al [34] presented the results of dynamic modelling sftran
142  critical CG, power cycle for WHR in gasoline engines considering the system sensitivityeiadheal

143 inputs. However, the study did not investigate the design of the control systemset Rarf35]

144  performed dynamic model validation of s&€xperiment loop and simulation of transient responses to
145 varying conditions such as valve control to simulate cycle operation, power swingulatei load
146 following and heat sink reduction to simulate failure. Osoro et al. [36] studiedrihengtybehaviour
147 under different seasonal conditions of concentrated solar power sCO2 cycle for gysteisation.

148 The optimisation produced an increase in operating time from 220 to 480 minutas. é¥lial. [37]

149 presented the results of dynamic modelling and control strategies for optirtli®ngperating
150 conditions of solar- and fossil-based sC@compression Brayton cycle. The model was used to
151 investigate the performance of the plant with maximisation of solar inpuimnimsation of fossil fuel

152  back up, direct solar heat input and indirect solar heat input.



153  To the authors’ knowledge, dynamic modelling and control of single recuperator recompression sCO2
154 cycle for WHR has not been reported so far. A dynamic model is required to gatestiystem
155 transients and to test control strategies during changes in the mass damdaemperature of the
156 waste heat source. In this study, dynamic model in Matlab/Simulink is develogiguitate and assess
157 the transient characteristics and for control systems design of a single recuperator remgELeSsi
158 power cycle for industrial WHR. Steady state simulation and preliminary designt@4ehangers are
159 performed to obtain the design point values and input parameters for the dynamicOpaaeloop
160 simulation is performed to understand the inherent transient response to changes in tloavreates
161 and temperature of the waste heat source. The dynamic performance and coné¢ralystedm under
162 varying mass flow rate and temperature of waste heat are simulated ayst@nhl summary, the
163 original contributions of this paper include: (1) application of singteperator recompression sg€O
164 cycle for WHR and the preliminary sizing on the heat exchangers; (2) dynamic modé#irgingle
165 recuperator recompression s£€cle for WHR application; and (3) design of PID-based control
166 systems for variable waste heat sources.

167 The paper is organised as follows: Section 2 describes the configuration obpbegu sC@power
168 cycle for WHR application; Section 3 presents the derivation of the dynamic modeks fstem
169 components and their integration in Simulink environment; Section 4 explains the coategysto
170 be implemented for the system; Section 5 discusses the results of the dynamic simulatiegsiem.
171 Conclusions are given in Section 6.

172 2 System configuration and description

173 As already mentioned, the selected cycle configuration is the single recuperator esstrmpsCQ

174 closed Brayton cycle layout. The system is designed to recover waste heat in the flue gas coming from
175 anupstream industrial process amdovert the recovered waste heat to electrical power. The schematic
176  layout of a single recuperator recompression s€l@sed Brayton cycle is presentedl in Figure 2 and
177  the corresponding temperature-entropy (T-S) diagram is shdwn in Figure 3. The cycle arsist

178 main components: (1) a heat recovery heat exchanger (HRHX); (2) a recugg@jaqrecooler; (4) a

179 turbine (TURB) (5) the main compressor (MC); and (6) a recompression comgife€3om he waste

180 heat in the flue gas from the industrial process is recovered irRRXHkb heat the Ce®working fluid

181 to the turbine inlet temperature (point 1). The hot working fluid expanteiturbine (process 1-2)
182 and converts the thermal energy of the working fluid to mechanical power. ledhgerator, the

183 turbine exhaust enters the hot side (process 2-3) and is used to preheats ¢kiil@the MC. The

184  working fluid leaving the hot side of the recuperator is split into twemasts. One stream (3a) enters
185 the water-cooled precooler (process 3a - 4) where heat is rejected to the envianmrtéetworking

186 fluid is cooled down to the MC inlet temperature (point 4). The temperature and preS8@ at the

187 MC inlet is above the critical point conditions such that the cycle is $ulpercritical. The second
188 stream (3b) is sent to the RC inlet. Both MC (procesS¥and RC (process 3b - 7) increase the working
189  fluid pressure. After the MC, the high-pressure working fluid is preheatéiteliyrbine exhaust in the
190 recuperator (process-36). The flow split fraction of stream 3 can be selected so that the heat capacity
191 of CO; on the cold side of the recuperator match the heat capacity.dfaihg through the hot side.

192 An optimal selection of the flow split fraction will result in higltuperator effectiveness and improved
193 thermal efficiency of the cycle. The preheated working fluid leaving the cold sttle oécuperator is

194 mixed with the high-pressure working fluid from the RC outlet. The worHing then enters the

195 HRHX (process 8- 1) where it is heated up, reaching its maximum temperature at the ldRiHHEX

196 turbine inlet. The working fluid re-enters the turbine and the processes are repeated.
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Figure 2: Schematic diagram of the single recuperator recompresSion desed Brayton cycle to
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Figure 3: T-S diagram of the single recuperator recompres<i@» stosed Brayton cycle

3 Dynamic model development

This section presents the first principle dynamic model of the componehis €0 closed Brayton

cycle for industrial WHR. In order to study the transient performance of the/$@¢@ plant and its

control system, a dynamic model of the whole system needs to be developed. The modelled components
include heat exchanger, duct, turbine, compressor, rotating shaft with generatwd, v@wes and
actuator, and PID controllers. The models are based on mass and energy conservation &sjuegiions

as other constitutive equations. The compressors and turbine are modelled by employingpesform
characteristic maps for the prediction of the efficiency and pressure ratfos work, the equations

are implemented in Matl&iSimulink® modelling platform. NIST Refprop (version 9.1) program is
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used to calculate the therrpbysical properties of the fluids. The model is modular, incorporating each
component model as a module. The complete cycle model is developed in Sirhuliimking together

the individual component modules according to their inter-relationship as sHown in Riginstiyl. &
Matlab® script is run to initialise the dynamic model at the design operating pbe Matlab® script
loads the fluid property table, performs design point heat balance calswatosets the component
modelling parameters such as heat transfer coefficients, friction coefficients and vafiogeotef

Figure 4: Component models integration in Simutiekvironment

3.1 Heat exchanger model

The heat exchanger model is used to represent the dynamics of the HRHX, tecaperprecooler.

For modelling purpose, the heat exchangers are considered as counter-flow heat exchangers consisting
of three regions namely the hot stream, the cold stream and the metal wall. Magsaerdeaimplified
momentum conservation equations are used to model the hot and cold streamavhdgidhe
separating metal wall is modelled with energy conservation equation.

The general conservation of mass equation for the hot and cold stream control volume is:

ap . .
VE =Mip — Moyt @

The conservation of energy equation for hot stream can be expressed as:

d(ph) | .
dt = Miphin — Moythour — Qnw @

4

WhereQy,, is the convective heat transferred from the hot stream to the metal wall.

The conservation of energy equation for cold stream can be expressed as:

AL

dt = Miphin — Moyt hour + Qwe ®)
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WhereQ,,. is the convective heat transferred from the metal wall to the cold stream.
Energy conservation equation for the metal wall can be expressed as:
drT,,

Mw WW = Qhw - ch “)
Equations for evaluating the convective heat transferred during transient conditions 863:[38
Qnw = Kpwm* (T, — Ty) ®)
Qwe = Kwe*(Ty, — T,) ®)

The momentum conservation equations for the hot and cold stream are simplifiegliaisi-static
equation of pressure loss as follows [39]

mZ

Pin_Pout:)/7 ™
The pipe or duct model follows the same approach used for the hot/cold stossnbut without the
heat transfer term.

3.2 Compressor model

The rapid variation of Cgproperties around the critical points makes the simulation of the comgressor
challenging. Therefore, the use of turbomachinery performance maps in the model is more suitable for
accurately predicting the performance of the turbomachinery compared with some ethedsn
suggested in the literature [40]. The performance characteristic maps for thessonpfand turbine)

were obtained from the work of Carstens et al [41].

The most reliable way suggested for constructing as€&hpressor map is using the approach
developed for pumps [42]. Hence, the pressure rise is scaleti 4githile the mass flow rate is scaled
with Up. U is the impeller tip speed whifeis the fluid density.

Thus, the flow coefficient or scaled flow rate is given as:
m

= U_p (8)

¢

The performance maps expresses the scaled pressure ratio and the compressor isedigapic adf
functions of the flow coefficient as follows:

PR
Y= U_Zp = fmaps(¢) 9

n= fmaps(¢) (10)

The compressor outlet conditions is calculated from the pressure raticeasdrttropic efficiency as
follows:

Pout = Pin(PR) (11)

hout,isen - hin (12)

hout = hin + 1
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The outlet temperature is then calculated from the fluid thermodynamic property relations.

The compressor powek,, is given as:

P, = m(hoye — hin) (13)

3.3 Turbine model

The original turbine performance maps are transformed to provide relationshgeberessure ratio
and flow coefficient and between efficiency and flow coefficient at constantsgesgti parameter. The
turbine model is similar to the compressor model. However, then@€king fluid is considered as an
ideal gas under turbine conditions. Hence, the flow coefficient is expressed as follows:

p = ™/ Tin (14)
P;
The performance maps are used to obtain the pressure ratio and the isentropicyeffigtemturbine.

PR = finaps(¢,N) (15)

n= fmaps(d)' N) (16)

Where N is the shaft rotational speed.
The turbine outlet conditions are calculated as follows:
P;

Pour = ﬁ (17)
hout = hin —n(hin — hout,isen) (18)

The power delivered by the turbing, is:
Py = m(hin — hout) (19)

3.4 Rotating shaft and generator model

The turbine drives the MC, the RC and the generator on a single shaft. The turbexewitlositive

torque while compressors and electric generator will exert negative torque An unbalance torque on the
shaft during transient will cause the shaft to accelerate or decelerateai$iertt behaviour of the

shafts can be determined from the dynamic equation:

dN
(]t +]mc +]rc +]gen)NE = (Pt - Pmc - Prc - Pgen - Ploss) (20)
Where J represents the component inertias.

The power delivered to the generator can be determined from the dtedridemandp,, 4, and the
generator efficiencyygen:

_ Pload

(21)

gen
Ngen
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3.5 Control valve and actuator model

Valves are used for flow control in the cycle or for throttliryfto a desired pressure. Mass and energy
storage in a control valve can be considered negligible. The mass flow rate ttiveugtve,m, is
dependent on the valve’s upstream and downstream pressure, P;,, andP,,;, on the incoming fluid
density,p;,, and on the fractional valve opening[43]:

. P
m= C,,y\/Pinpin (1 - "”t/Pin) (22

Wherec, is the constant valve construction coefficient.

The fractional valve opening or flow argais defined as the ratio of valve’s current flow area to its
flow area when fully open. It will depend on the valve stem positip(also referred to as valve travel)
and the valve flow characteristic dictated by the geometry of the valve.alVe tvavel position is
usually determined by the actuator based on the signal from the controller. Theraeiildtive the
valve stem positiony, to its demanded positiow,, specified by the controller output signal. It will
take a certain amount of time for the actuator to move the stem position rtheded value. Hence,
the dynamics of the actuator plus valve can be modelled with a first order exponential |myvas fo

dx_
Yat -~

Wherert is the time constant associated with the actuatoxgmslthe demanded valve travel.

Xg— X (23

3.6 PID controller model

The PID (Proportional-Integral-Derivative) controllers are designed to atheorerror signals to
produce the control signals. The general function of the controller is to keegntihelled variable near
its desired value. The control action of a PID is defing@@ls

t de(t)
u(t) = Kye(t) + Kif e(t)dt + K, T
0

(3-24)

Wherek,, is the proportional gairk; is the integral gain anl, is the derivative gain.

The three gains are the tuning parameters for the controller. The control s{ghals the summation
of the three function of errog(t), from a specified set point. Proportional control has the effect of
increasing the loop gain to make the system less sensitive to load disturdanaeegral of error is
used to eliminate steady state error and the derivative term helps to improve closed lagp stabil

3.7 Steady state verification of component models and dynamic model

validation
The suitability of the Matlab/Simulink model for predicting the performandaentycle components
at steady state was verified by comparing the simulation results of component madelalug
obtained from Kim et al [13] for a sG@losed Brayton cycle. Comparison of the simulation results at
steady state with the literature values is presented in Table 1. Tl stage predictions of the
components models were found to agree well with the literature data. The maximive défirence
is about 0.25%.
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Tablel: Comparison of the components simulation values at steady state with literature \aihedobt

from Kim et al [13]

Literature Simulation Relative
Parameters value value difference
Compressor:
Inlet pressure (bar) 77 77 0
Inlet temperature’C) 32 32 0
Outlet pressure (bar) 200 200 0
Outlet temperaturéC) 61 60.81 0.3%
Specific work (kJ/kg) 20.3 20.29 0.05%
Turbine
Inlet pressure (bar) 200 200 0
Inlet temperature’C) 600 600 0
Outlet pressure (bar) 77 77 0
Outlet temperaturé’C) 482 482.19 0.04%
Specific work (kJ/kg) 133.4 133.37 0.02%
Heat source:
Inlet temperature’C) 360 360.54 0.15%
Outlet temperaturé’C) 600 600 0
Specific heat input (kJ/kg) 295.7 295.21 0.17%
Recuperator:
Temperature in, hot/coldq) 482/61 482.19/60.81 0.04/0.3%
Temperature out, hot/col&Q) 76/360 75.81/360.54 0.25/0.15%
Specific heat transferred (kJ/kg 475.2 475.66 0.1%
Precooler:
Inlet temperature’C) 76 75.81 0.25%
Outlet temperaturéC) 32 32 0
Specific heat transferred (kJ/kg 182.6 182.13 0.26%

At this stage, there is no plant data for validating the dynamic modeleositigle recuperator
recompression sC@ycle. However, dynamic model validation of a sim@léi cycle was carried out
using experimental data fromkslV-scale test bench for WHR from exhaust gas of diesel engine [26].
It should be noted that the test bench did not have a turbine; an expansion valveristeaddAlso,

a reciprocating plunger pump is used to circulated thgfl0id in the cycle. The pump rotational speed
was reduced from 110 rpm to 60 rpm in steps as shdwn in Fita)reThe model was validated with
data of dynamic responses to changes in the pump rotational speed. Validation results giar ghewn
CO; mass flow rate and GQemperature at gas heater outlet temperatufe in Fidbjeafd (c)
respectively. The Simulirfkmodel was found to give good predictions of the profile of the iB&ss
flow and gas heater outlet temperature. The noticed differences between the entpédata and the
simulation results can be attributed to uncertainties with respect to the @esslgoperational
parameters of the test bench. For instance, pump displacement, efficiency, ofjpdefsignance data
and gas heater size are not known. All of these were assumed in the Sinmaih.
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4 Control strategy

The overall control structure for the s€€osed Brayton cycle for WHR application is shown in Fidure
[6] Control systems are essential in order to achieve stable operation, pptimahance and net power
output under fluctuating waste heat source conditions. PID feedback control methadsgted for
the controllers and the control strategy is implemented in SinfuliRkD controller is the most
commonly used controller in industrial processes due to the uncomplicateglpriotioperation,
simple structure and ruggedness [32].

The non-ideal behaviour of the @@orking fluid around the critical point poses unique challenges not
seen in other cycles like the ORC and SRC. The rapid fluid density changes around #h@ahitics
illustrated irf_ Figure [7. Therefore, maintaining a fixed inlet conditionshfermain compressor is an
important objective of the control systems. Hence, the main compressor inlaifereoatlet
temperature and pressure are selected as controlled variables. The feedback thetcolbdihg water
controller (CWC) serves to keep the main compressor inlet temperature awtieegFEigure ). This

is achieved by manipulating the mass flow rate of the cooling water. eQsttier hand, the throttle
valve, V2, is regulated to keep the compressors inlet pressure at the design values.

Another variable chosen to be controlled is the turbine inlet temperatureeithtsas required. This

is controlled primarily by the feedback control loop for the bypass valve controller (BVC). The bypas
control valve, V1, is located between the HRHX inlet and turbine outlet tat giaerof the working

fluid from the HRHX and turbing (Figurd 6). The measured turbine inlet tempeisttompared with

the set point value. The bypass valve controller then uses the error to prednt®issignal based on

the PID algorithm. The control signal is sent to the bypass valve actuator tataentpe valve stem
position and thus the opening and closing of the bypass valve.

BVC - Bypass valve controller
CWC- Cooling water controlle 3b
V1 - Control valve
V2 — Throttle valve

Exhaust gas / / / ( :
in TURB RC MC Teio
1 \ \ \
2 T CWC
T, Too |7 5 4 | Water inl "
w

HRHX >

Exhaust gas Vi M V2 Water out
out
ot A |k

Recuperator

Figure 6: Overall control scheme for the WHR s@Ower cycle system
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5 Results and discussion

5.1 Steady state simulation results and preliminary sizing of heat

exchangers
The steady state calculation and heat exchanger design is carried out by adoptitegrated
approachwhich allows for cycle’s heat balance calculation and heat exchanger preliminary design to
be performed simultaneously. This offers the advantage of a more accurate perfaatanaton for
the system because the heat exchanger pressure losses will be based on @esubralesults of
heat exchanger design and not on assumed values, as is usually done. The codes were implemented in
Matlab programming environment. It is linked with Refprop (version 9.1) progmran external
function for the calculation of the thermo-physical properties oflthést Detailed description of the
steady state thermodynamic performance calculation and heat exchanger design methodblegy can
found in the work of Olumayegun et al. [44].

The results of the steady state simulation and heat exchanger design calculationsiprfigsital
parameters of the components as well as the initial values for the dynamiepadersimulation of
the system.

5.1.1 Results of steady state simulation at design point

In this study, the upper boundary of waste heat fluctuation (maximum mass floanchtmaximum
temperature) is adopted as the design point for the WHR system. Therefore, the systperaté at
either design point or mass flow rate and temperature below the design p@nmaiin design
specification, system parameters and assumptions for steady state performanceopabmdatis
follows:

e The case of exhaust waste heat gas from cement industry at a flow rate ki/4.Ghd
temperature of 38€C is considered [6]

e HRHX terminal temperature difference is selected a¥2Mence, the heated ¢@aves the
HRHX and enters the turbine temperature at%50

e The precooler cooling stream is water af@2
The temperature and pressure of the working fluid at precooler outlet is sabgust the
critical point for the benefit of reduced compression work. Hence, the precatlet get
cooled to 32C at a corresponding optimum pressure of 79 bar
The maximum cycle pressure at outlet of main compressor is set at 250 bar

e The recuperator terminal temperature difference %10



394 e The isentropic efficiency of the turbine, main compressor and recompression compressor are
395 set at 90%, 89% and 88% respectively
396 e The heat and pressure losses in the connecting ducts/pipes are assumed to be negligible

397 list the state point simulation results of the WHR s@@ver cycle (refer 2 for the

398 numbering of the state points). The results of steady state design point paderaf the system is
399 presented in Table| 3. About 15 MW of heat is recovered from the exhaust gas and ticepeleet
400 generated is about 5 MWe. This amount to efficiency of about 33% for the WHRsg&te@m.

401
402 Table 2: Results of steady state simulation of the.3@BR system

State m (kg/s) P (bar) T (°C) h (kJ/kg)
1 80.40 249.87 360 794.47
2 80.40 80.44 243.37 688.62
3 80.40 79.64 74.95 484.31
3a 53.98 79.64 74.95 484.31

3b 26.42 79.64 74.95 484.31
4 53.98 79 32 298.78
5 53.98 250 64.95 325.91
6 53.98 249.87 233.37 630.21
7 26.42 249.87 166.24 541.40
8 80.40 249.87 216.71 606.98

403

404 Table 3: Results of steady state thermodynamic performance of the WHR system

Parameters Value
Waste heat recovered 15.07 MW
Turbine power 8.51 MW
Main compressor power 1.46 MW
Recompression compressor power 1.99 MW
Recuperator duty 16.43 MW
Precooler duty 10.01 MW
HRHX effectiveness 88.21%
Recuperator effectiveness 95.71%
Precooler effectiveness 80.33%
Cooling water flow rate 104.48 kg/s
Optimum recompression fraction 0.33

Net power output 5 MW
Efficiency 33.13

405



406

407 5.1.2 Results of preliminary sizing of heat exchangers

408 In the sCQ power cycle, the size of the turbine and the compressors are very small cotopgheed

409 heat exchangers, hence, the system dynamic performance is mainly determined by the heatgxchang
410 The volume of C®in the heat exchangers, the heat exchanger material properties and the thermal mass
411  between the working fluid and the exhaust gas will influence the transientidaghaf the WHR

412  system. Therefore, preliminary sizing was performed for the HRHX, recuperator armblerec

413 Essentially, preliminary sizing entails determining the surface area, volumdh,leregal wall mass,

414  internal temperature profiles and pressure losses of the heat exchangers. Thehasaeex were

415 assumed to be Printed Circuit Heat Exchanger (PCHE) type [44].

416 shows the result of the preliminary sizing of the heat exchafieersiot and cold stream
417 temperature profile from the heat exchanger inlet to the outlet is givegureR} Figure Ba indicates
418 efficient matching of the temperature profile of the.@@rking fluid and the exhaust gas in the HRHX.
419  Unlike the evaporator/boiler of ORC and SRC, there is no pinch point limitatitve HRHX because
420 CO; does not undergo any phase change. Figure 8b shows that optimum selection oftmiit(fre
421  recompression fraction) allows the recuperator cold stream to be preheaigi &s possible without
422  risk of pinch point developing in the recuperdtor. Figdre 8c shows the precooleraemerofile.
423  Among the cycle components, the precooler operates closest to the critical Tégiapecific heat
424  capacity of CQ increases rapidly in the critical region, hence, the unusual temperature prufil
425  occurrence of pinch point in the precooler. Precooler heat transfer is neadyphase condensation
426  process with constant temperature in some section of the precooler.

427
428

429 Table 4: Heat exchanger sizing results for the HRHX, recuperator and precooler

Description HRHX Recuperator Precooler
Heat transfer duty (MW) 15.07 16.42 10.01
Fluid, hot side/cold side Flue gas/CO CoJCo, CO/Water
Number of modules 14 8 2
Surface area (f 8997.79 8297.96 1442.50
Thermal density (MW/i) 1.2 1.4 4.95
Hot side pressure loss (kPa) 10 80 67
Cold side pressure loss (kPa) 0.4 13 6
Total core volume (ﬁt) 12.60 11.62 2.02
Total core mass (kg) 56829 52418 9253
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5.2 Open loop response simulation

Open loop simulation of the system was performed to investigate the dyletmaiciour without any
control action. Dynamic response to step change in the temperature of the wasteurmsatvas
observed. Step change in exhaust gas temperature from the design valu€@ft@ED0°C was
applied at time equal to 100 secofids. Figiire 9 shows the open loop transient responses dheome of
system variables. The turbine inlet temperature as well as the MC inpsirtginre is seen to drop from
the steady state valle (Figure 9a). Reduced exhaust gas temperature meankitigaiwicrcannot
be heated to the design values. The power delivered by the turbine is reducethduedoced inlet
temperature and operation of the turbine at off-design condition. However, tbe gmvsumed by the
compressors are increased as the compressors are now operating at conditiensfdiffethe design
point value. Hence, the net power output is reduced significantly, to ahmastAlso at off-design
condition, the turbine outlet pressure increases. If this high pressure is fed thackdmpressor inlet,
coupled with the changes in compressor inlet temperature, the compressor outlet prdsagainwi
increase. This could lead to a form of positive feedback, thus making the system unstalelen M
Figure 9c, the compressor outlet pressure of about 400 bar is not permissible. Henckesysiatmn
has to be implemented for stable and safe operation of the plant.
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460 5.3 Dynamic simulation under fluctuating mass flow rate of waste heat

461 source

462 In this section, the system dynamic response to change in exhaust gas mass flaweate 120 kg/s
463 and 50 kg/s is simulated to study the transient behaviour and control strategy ftanthender
464 fluctuating mass flow rate of waste heat. The dynamic response of the planthpligmientation of
465  cooling water control and throttle valve regulation is shoyn in Figure 10. The caglteg controller
466 acts to maintain the MC inlet temperature af@2vhile the throttle valve is regulated to keep the MC
467 inlet pressure at 79 blr. Figurd 10b shows that by adjusting the water flow rate, tHetNt@riperature
468 is kept within 0.4°C of the steady state value. Consequently, the power consumed by the compressor
469 remain almost constant during the transfent (Figute 10d). However, reduction in thet gesamass
470 flow rate while the CO2 flow rate remain constant means that thméuinlet temperature and power
471  delivered by the turbine will drop from the design point value (Figure 1Qc and Fidure 10d).

472 Bypass valve controller is added to investigate the effect of maintaanfixgd turbine inlet on the
473  transient performance of the plant. The bypass valve controller is engaged to maintain thénetbin
474  temperature at 36%C. Results of dynamic simulation is show in Figliif As the bypass valve is
475 opened, the amount of G@owing through the HRHX and turbine is reduced in order to maintain the
476 turbine inlet temperature at the set pdint (Figurg 11a). The reduced masst#oof CQ leads to
477  reduced heat recovery in the HRHX and large reduction in power delivetkd twrbine. Hence, huge
478  drop in net power output compared to the previous case of no bypass valve coatfolifitithat with
479 bypass valve control, the possible range of variation of exhaust gas masstéoiw restricted to
480 between 100% and 70% of the design vdlue (Fidas because exhaust gas mass flow rate below
481  70% of design value results in zero net power otput (Figyre 1bdn e concluded that maintaining
482 a constant turbine inlet temperature at the expense of mass flow rate is natidleioefthe WHR

483 system. The temperature of the exhaust gas exiting the HRHX is seen tceinknéiag the transient
484  such that less waste heat is recovegred (FigL1r)e 1l1c

485
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5.4 Dynamic simulation under fluctuating temperature of waste heat

source
Exhaust gas temperature variation between %®8@nd 300°C is simulated to study the dynamic
response of the WHR system during fluctuation of waste heat temperaturiar $inmgection 5.3,
cooling water controller is used to maintain MC inlet temperature % 8ile throttle valve regulator
keeps the MC inlet pressure at 79 bar. Some results of the system dynamic siratdgpi@sented in
[Figure 12. The change in turbine inlet temperature is seen to follow the change int epsaus
temperaturg_(Figure 12a). The cooling water controller is able to keep the &tGeimiperature to
within 0.06 OC of the set point valie (Figurd 12b). Reduced turbine inlet tempeesults in reduce
turbine power and consequent reduction in net power output as shfwn in_Figurdos@ver,
significant improvement in off-design net power output is noticed compaitbd bpen loop case. The
loss in net power output is only about 2.8 MW compared to about 4.8 MW under open loop simulation.
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6 Conclusions

In this paper, dynamic modelling and design of PID based control systems for reiagerator
recompression sGQxlosed Brayton cycle for industrial WHR application were reported. To obtain
design point values and parameters for the dynamic model, steady state simulatioeliaridary

sizing of the heat exchangers were carried out for the case of exhaustngaent industry at a

flow rate of 100 kg/s and temperature of 880The dynamic model was developed in Matlab/Simulink
environment to predict system transient and to test control strategigsaftges in exhaust gas mass

flow rate and temperature operation. Based on this, the dynamic performance of the system under
fluctuating waste heat source mass flow rate and temperature was analysed. Téwnotagions of

this work can be summarised as follows:

o The steady state thermodynamic analysis at design point conditions of the proposed single
recuperator recompression sgcle predicted a thermal efficiency of about 33%.

e Preliminary design of the heat exchanges confirmed the efficient matching efrtherature
profile of the CQ working fluid and the exhaust gas in the gas heater

o Open loop step response test highlights the need to maintain fixed working @sglipg and
temperature at precooler outlet/MC inlet.

o Cooling water control was used to keep MC inlet temperature at design value during transient.
Throttle valve regulation was used to maintain a constant compressopragstire. These
control strategies were able to achieve stable operation of the system.

¢ Results of dynamic simulation and control system implementation indicatesithbeiter to
allow the turbine inlet temperature to vary according to the waste heat sondigon (i.e.
maintain a constant flow rate of @OTherefore, between the choice of constant turbine inlet
temperature and constant turbine mass flow rate, constant mass flow rate isemeficial
because more waste heat can be recovered during transient variation of flue gas condition.

In view of these findings, the single recuperator recompression sfi® investigated in this work
could be a promising power conversion system for WHR from industrial processes.tinnadialis
study shows that dynamic modelling and simulation of the system could contribute to tistaunaliieg
of the dynamic characteristics and control strategies for operation déatiteipder fluctuating waste
heat source condition.
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