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ABSTRACT

Design optimization of industrial installations with help of mathematical programs offers high potential
for energy savings and cost reduction, which steadily gains importance. Heat exchange network synthesis
(HENS) is one of the commonly used and promising methods. This paper deals with simultaneous in-
tegration of heat pumps and two different storage types into mixed integer linear programming (MILP)
HENS by extending a multi-period superstructure formulation proposed by Beck and Hofmann (2018c).
Further measures for tightening the solution space for the coefficient of performance (COP) are intro-
duced. This improves the accuracy of the heat pump (HP) approximation, reduces computational effort
and prevents solutions with uneconomical low COP. The obtained approach allows to design cost efficient
heat recovery systems with storages (ST) and HP for the improvement of the energy recovery capabili-
ties. A constructed test case was used to analyze the performance of the method and to show its possible
potential.

© 2021 The Author(s). Published by Elsevier Ltd.
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1. Introduction

In the last decades extensive research in the area of waste heat
recovery has been carried out and it still gains scientific popular-
ity. This is caused by the complexity of the topic and the consid-
erable potential for energy savings which provides economic bene-
fits with short payback times (Eichhammer and Rohde, 2016). The
problem gets even more complex by extending classical HENS by
additional installations like HP or ST. Simplified approaches are
needed to find suitable solutions with acceptable computational
effort. The complexity is caused by the nature of the mathemat-
ical formulation of HENS. It is proven to be an NP-hard prob-
lem, which means there is no possibility for the existence of a
polynomial exact solution algorithm for the problem (Furman and
Sahinidis, 2001). The advantage of linear programming approaches
is that they always deliver global optimal solutions without the
need for initial feasible solutions. Even for small problems suit-
able initial solutions are often hard to find (Escobar and Trier-
weiler, 2013). As proposed by Nemet et al. (2019) for basic HENS
without HP, solutions obtained by MILP approaches could also be
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used as near optimum starting solutions for a mixed integer non-
linear programming (MINLP) optimization. As already stated by
Ciric and Floudas (1991), the simultaneous optimization with a
minimum cost target is superior to sequential performed target-
ing, because every decomposition adds an element of uncertainty
to the solution. Other researchers already approached the prob-
lem of integrating HP into heat exchange networks. For example
Stampfli et al. (2019) used the principle of heat recovery loops
to integrate ST and HP into non-continuous processes by utiliz-
ing insight based and nonlinear programming techniques sequen-
tial with the target of optimal HP operation. Miah et al. (2015) de-
veloped an methodological framework for heat integration which
consists of several analysis steps that divide the problem into dif-
ferent zones to decide where HP have to be located. Becker and
Maréchal (2012) utilize heat cascade formulations and calculate the
optimal solution by setting up an multi objective optimization al-
gorithm that solves the thermodynamic calculations and the en-
ergy integration serial as sub problems. In contrast, this work is
based on the linearization of the widely used superstructure for-
mulation initially introduced by Yee and Grossmann (1990), which
was proposed by Beck and Hofmann (2018c).

Differing from the sequential approach for integration of multi-
ple thermal ST used by Beck and Hofmann (2019), here an simulta-
neous optimization that considers different thermal ST and HP in
one step was developed. The linear integration of the HP and ST
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Nomenclature

Acronyms

HENS  heat exchanger network synthesis
MINLP mixed integer nonlinear programming
MILP mixed integer linear programming

LP linear programming
HEX heat exchanger
HP heat pump
ST storage
Hu hot utility
Cu cold utility
Hs hot stream
Cs cold stream
Parameters
ai, ay linearization coefficients COP (-)
b linearization coefficients Pel (-)
cop coefficient of performance (-)
Qqt storable heat (kJ)
B cost exponent (-)
U heat transfer coefficient (kW m=2 K1)
F flow capacity of process streams (kW/K)
c cost coefficient for heat exchanger area (€ m—2#)
o3 step-fixed cost coefficient (€ )
Cp specific heat capacity (k] kg=1 K=1)
m mass (kg)
m massflow (kgs—1)
Crst step-fixed storage cost coefficient (€ )
Cust variable storage cost coefficient (€ kg~1)
Chp step-fixed HP cost coefficient (€ )
Chu cost coefficient hot utility (€ kWh=! )
Ceu cost coefficient cold utility (€ kWh~1)
Cpel cost coefficient electricity (¢ kWh=1 )
Q upper bound for heat exchange (kW)
ATyin  minimum approach temperature (°C)
I'r temperature big-M coefficients (°C)
Iy area big-M coefficients (m?)
Iper electircal power big-M coefficients (kW)
NOK number of stages (-)
NOP number of time periods (-)
HPS number of hot process streams (-)
CPS number of cold process streams (-)
T duration of time interval (h)
Ta annual duration of time interval (h)
Subscripts
shift shift variable
ap approach
st storage
hp heat pump
2T two tank storage
1T one tank storage
i index hot stream
j index cold stream
X index approximation region
k index temperature stage
p index time period
min minimum value
max maximum value
hu hot utility
cu cold utility
hot tank temperature
C cold tank temperature

Superscripts

in inlet

out outlet

2T two tank storage

1T one tank storage

hp heat pump

Variables

A heat exchanger area (m2)

CA constraint heat exchanger area (m?)
o] heat flow (kW)

LMTD  logarythmic mean temperature difference (°C)
CLMTD constraint logarythmic mean temperature difference

(°0)
Z binary variable for existence of HEX (-)
Sst storge size (kg)
Zst binary variable for existence of storage (-)
Znp binary variable for existence of heat pump (-)
LMTD  logarithmic mean temperature difference (°C)
T temperature (°C)
AT temperature difference (°C)
TAC total annual costs (€ )
Pel electrical power (kW)
CPel constraint electrical power (kW)
CH storage charge state (%)

allows to find a global optimal solution for the given parameters
without the need for initial feasible solutions. All adaptions that
have been made compared to previous superstructure approaches
are shown in the following Chapter 2.

2. Proposed extension of the HENS superstructure

A previous publication Prendl and Hofmann (2020) ex-
tended the linearized superstructure proposed by Beck and Hof-
mann (2018c) to consider the integration of HP. In continuation
of this work a further extension has been made by introducing
additional storage possibilities to enhance the capability of shift-
ing energy on different temperature levels over time periods. A
real vapor compression HP was modeled and simulated to obtain
a realistic HP characteristic as explained in Chapter 4. Also the so-
lution space for the COP has been tightened to improve the ac-
curacy of the approximation and to reduce the computational ef-
fort. As can be seen in Fig. 1, possible installations are a one tank
ST (1T ST), a two tank ST (2T ST), heat pumps between streams
and the 2T ST, HEX between streams, HEX between streams and
ST as well as hot and cold utilities. The 1T ST has a preset fixed
mass and variable temperature. Because the initial temperature of
the 1T ST is also an optimization parameter the storage gets inte-
grated on the economically optimal temperature interval. The 2T
ST operates at two preset temperature levels. The size of the ST
gets optimized simultaneously with the solution of the superstruc-
ture. For both ST the heat transfer fluid is used as storage medium
so no HEX inside the ST are needed. The simultaneous integra-
tion of ST with fixed mass and variable temperature as described
by Beck and Hofmann (2019) and ST with fixed temperatures and
variable mass allows to utilize the benefits of both types simulta-
neously (Walmsley et al., 2014). The course of the charging states
of the different thermal energy storages over the operation peri-
ods resulting from the solving of the optimization problem allows
to gain better insights into the system behavior. HEX, HP and ST
are possible in every stage, while utilities are only possible before
the first and after the last stage. The utilities provide the energy
needed to fulfill the temperature boundaries of the streams if it is
not possible to satisfy them within the stages.
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Fig. 1. Extended Superstructure with possible Stream-Stream HEX (HEX), Stream-Storage HEX (ST) and Heat Pumps (HP).

3. Mathematical model

The objective for the extended stagewise superstructure shown
in Fig. 1 is a minimization of the total annual costs (TAC) to pro-
vide the needed energy to change the temperatures of the streams
to match the given process parameters. The cost function (Eq. (1))
consists of three different types of costs:

e Step fixed investment costs for the installation of stream-
stream HEX, hot- and cold utilities (Hu,Cu), Storages (ST), stream-
storage HEX and heat pumps (HP).

e Variable investment costs for the surface area and thus the
size of all HEX as well as variable costs for the size of the two tank
storage.

o Energy costs for the external energy demand of the obtained
solution which consists of the costs for the hot and cold utilities
and the costs for the electrical energy consumed by the HP.

min TAC = Zi Zj Zk CfZ,‘jk + Z,- Cchui
+ 30 CZhuj + Cpst 21Zst 21 + Cpse 1725t 1T
+ 220 2k Crlatijk + 205 20 2k CFZaT ijk
+220 D Chplhpije
ik

step fixed investment costs
B B
+ Zi ZI Zk CAijk + Zi CAcui
+3; CAﬁuj + CustarSst 2T + 22 D 2ok CAZﬂT ijk

+ZZZCAfTijk+ZZZCAfpijk (1)
Tk Tk

variable investment costs

+ 25 22 p CcuQeuipTap + 32 2= ChuQhujp Tap
+2.2. 22 CraPelipTap
i j k P

energycosts
Vp=1,...,NOP, k=1,...,NOK,
i=1,...,HPS, j=1,...,CPS

3.1. Energy balances

In the following (Eq. (2)), the energy balances for all process
streams are given with the extensions necessary for considering

the heat flows to the storages and heat pumps.

Z Z Ql‘jkp + Z(QZT ikp + QIT ikp + th ikp)

j k k
+chip = mipcpip(TiZ7 - Tl‘;w) = Qip
Z Z Qijkp + Z(QZT Jjkp + Q1Tjkp + thjkp)

i k k
+Quujp = Mpcpjp (TR = Tin) = Qjp
Vp=1,...,NOP, k=1,... NOK,
ie HPS, jeCPS (2)

Tin and T°, the inlet and outlet temperatures of the streams,
where i are the hot streams and j are the cold streams, with their
heat capacities cp;, and cp;, as well as their massflows m;, and
m;, are the physical requirements that have to be fulfilled for a
given problem. The balances for every stage k in every time period
p which are given in the following Eq. (3) show that isothermal
mixing is assumed after every stage. If more than one installation
occurs at one one position ijkp, the stream is split up and they are
arranged in parallel configuration.

Z Qijkp + QZT ikp + QlT ikp + th ikp
J

= mipCpip(Tik - Ti,k+1)

Z Qijkp + QZT jkp + Q]T ijkp + th jkp
i

= MipcPjp(Tik — Tjke1)

ie HPS, jeCPS

Tike1 =T Tjsenok = ij (3)

For simplification of the formulation, utilities are only allowed
directly before the outlet of streams as in the basic superstructure
proposed by Yee and Grossmann (1990). The utility heat loads
in Eq. (4) are calculated as the heat flows that are needed to
change the temperatures of the streams to the demanded output
temperatures required by the given processes. In the proposed su-
perstructure, utilities are modeled as streams with fixed input and
output temperatures that are provided in the needed quantities.
They have corresponding HEX to interact with the hotstreams and
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coldstreams.

. . "
chip = mipCpip(E,I<:N01<+1,p - Tizu )
) 1. . out _ T.

Qhujp - mijp]p(ij T]Jc:],p)

For the 1T ST, the accumulated energy content is calculated
through the temperature change of the storage medium (Eq. (5)),
where a perfect mixing inside the storage tank is assumed. The
temperature differences for the heat transfers (Eq. (11)) are calcu-
lated with the temperatures at the start and end of the time pe-
riods according to the formulation by Beck and Hofmann (2018a).
For taking the periodic operation into account, the temperature at
the start of the first time period has to be the same as the temper-
ature at the end of the last time period and is defined as Ty, To
consider the physical constraint of thermal stability of the storage
medium, a maximum storage temperature Tmax,, is defined. The
requirement to keep the program linear prevents a simultaneous
optimization of the temperature and sizing of the one tank stor-
age. However, the resulting temperature curve of the storage can
be used to gain information of the system and to adapt the stor-
age size or material.

(4)

mircpir(Tir py1 — Tir p) =
(Z Z Qir ikp — Z Z Qir jkp) Tp
ik Tk

Tir p=1 = Tsnige = Tt p=noP
0 < Tir < Tax,; (5)

The 2T ST operates at fixed temperatures and the masses in
the two tanks change. The energy balance of the ST (Eq. (6)) is an
adaption of the storage model by Beck and Hofmann (2018a). The
constant temperatures are one of the enablers for the linear inte-
gration of heat pumps. This storage can be charged or discharged
either directly over HEX from the streams or over heat pumps.

The variable CH,r represents the charging state of the ST and
has the physical limitation to be between zero (empty) and one
(full charged). Similar to the 1T ST, CHgs; gets used to ensure that
the ST has the same state of charge at the beginning and end of
the cycle. The storage size Sy o7 gets calculated by multiplying the
available storage mass m,r with the maximum charging difference
that occurs during one cycle. It is assumed as a linear component
of the cost function (Eq. (1)).

Qs¢ 21 = Marcpar (Tyor — Tear)

CHy1 pr1 =CHor p +

Tp
Qst o1
[Z Z(QZT ikp + thst ikp)

ik

=D (Qor jip + Qnpst jkp)]
7%

CHa1 p—1 = CHgpige = CHar p—NoOP

Sst o1 = Mar (Max(CHyr) — min(CHyr))

0<CHyr <1 (6)

The heat pumps are formulated as power to heat device with-

out losses. In Eq. (7) it can be seen that HP that charge the ST can
only occur between hot streams and ST. HP that discharge the ST
are only possible between cold stream and ST.
thst ikp = Q_hp ikp + Pel ikp (7)

pst jkp = th jkp — Tel jkp

3.2. Additional constraints

The constraints given in the following Eq. (8) make sure that
the binary variables for the existence of installations are only non
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zero when the corresponding heat flows lie within their bound-
aries and thus establish the needed connection between them.
For the stream - stream HEX and the stream - storage HEX, the
minimum heat flow Qn, has the aim of tightening the solution
space for the HEX area. Thus the accuracy of the linear approxima-
tions can be improved and the computational time can be reduced
(Beck and Hofmann, 2018b).

ZijipQumin = Qijkp =< ZijkpQumax ijkp
Qmax ijkp = Min(Qip, Qjp)

Zo7 ijkpQmin st < Qat ijkp =< Zor ijkpQijkp (8)
Z17 ijkpQumin st < Qi ijip < Zar ijkpQijip

Zy ip = ch ip = Zey poJp
Zny jp < Qhum <Ze JPQJP

The constraints for the temperature differences for all heat ex-
changes in the system (Eq. (11)) are set up by using BIG-M for-
mulations, where I" is a sufficient large number to deactivate the
constraint if no installation exists at a given position. Additional, a
lower boundary for all temperature differences is set as a tighten-
ing measure (Eq. (9)).

AT > AThpip 9)

With decreasing logarithmic mean temperature difference (LMTD)
values, the heat exchange areas and thus the variable costs in-
crease, which causes that the optimization wants to maximize the
temperature differences in HEX. Thus it is possible to formulate
the constraints for the LMTD as given in Eq. (10). CLMTD are the
piecewise linear approximated solution spaces for the logarith-
mic mean temperature difference as introduced by Beck and Hof-
mann (2018c). This approach benefits from the strict convexity of
the LMTD that is proven in Mistry and Misener (2016).

LMTDukp = CLMTDukp(ATz]kps A_[Tz{ k+1, pZ)T 5
LMTD,y ijkp < CLMTD,yp Ukp(AT l%p T 1p ) (10)
LMTDlTijkp CLIVITDlTukp(A i ! A 2)

)’Il 1 2
LMTDyp iy < CLMT Dy g (ATP ATU,fp )

ATijkp = Tikp — Ljkp + 1_‘T(‘1 - Zijkp)
ATijkinp < Tikrr,p — Tjrr,p + T (1 = Zijip)

ATzﬁT < Tikp = Thor + T2 (1 = Zor itp)

AT]k 1 < Thor — Tjkerp + T2 (1 = Zor )

ATli‘; <Tiksrp—Teor + TH (1 = Zyr i)

ATZ 2 <Toor — Tiksap + T2T(1 = Zyr tp)

AT];] = lkp - TlT p + r (1 Z]T ikp) (-11)
AT] <Trp- Tj,k+1,p + FT ¢ _ZlTjkp)

AT] <Tiks1p—Tirpra + FlT(l —ZiT ikp)

Alekp <Tirpe1 = Tjirap + T (1 = Zig jip)

AT,ZZ = T Ti,k+1,p + Thp ap + 1—‘T(‘l - th ikp)

A’Iﬁgl Thp ap + l—‘T(‘l - thjkp)

hp
ATlﬁp SThpap + (1 = Zppiy)
AT]kZ <Tj Jk+1,p ™ Tf,’<+lp + Thp ap

+FT(] —Znp jkp)

As physical constraints Eq. (12) are given which prevent that the
heat flows or the HEX areas get negative.

AB>0, Q>0 (12)
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The lower boundary for the HEX area is necessary because in the
constraints for the heat exchange areas (Eq. (13)), the BIG-M coef-
ficient I'4 has to be big enough to make the right side of the equa-
tion smaller than zero to deactivate the constraint (Beck and Hof-
mann, 2018c). The boundary for the heat flows enforces the mono-
tonic temperature decrease over the stages.

AP > CAg.k —Ta(1 = Zijep)

ljkﬂu .
CAjjip = CALjp (LMT Dijip. Qijep)

Agr ijkp = CA/;;T ijkep — LAl = Zot ijip) (13)
Alriiep = CAYr ik — Ta(l = Zi7 ijip)

+CAP

B B
A = (CA hpst ijkp)

hp ijkp — hp ijkp
a1 = Zpp ijip
The decision whether a storage is introduced or not is derived
from the existence of installations that connect streams to them as
given in the following Eq. (14).

Zst o1 = o7 ijip-

Zst o1 = Znpijip (14)
Zst 11T = Z1T ijkp

For the proposed formulation it is assumed, that if a HEX, HP
or utility exits at one position in more than one time step p, the
biggest heat exchange area gets installed and at the other time
steps bypasses balance out the differences (Eq. (15)).

B B
Aijk > Al‘jkp’ lek = Zijkp (15)

The following Eq. (16) formulate the tightening of the solution
space for the COP which is described in Chapter 4 and Eq. (17) are
the HP formulations derived from Egs. (8) and (13) for the HEX.

Q_hp st ikp/Pel ikp > COPmin

th jkp/Pel ikp = COPyin (16)
AThp ijkp = AThp max T+ l—‘T(l - th ijkp)

AThp ijkp = Thp min — FT(1 - th ijkp)

Zhp ijkpPel min < Py ijip < Zhp ijkpPer max
Zhp ijkpQmin hp < Qnpijikp < Znp ijkpQijikp (17)
Peijkp = CPeijkp — Upet (1 = Zpp ijikp

4. Linearized HP model

Due to the nonlinearities of the process-specific thermodynamic
relations as well as material properties, the heat pump character-
istics between Pel, Q and AT are of nonlinear nature. As stated in
Prendl and Hofmann (2020), it is necessary to linearize this char-
acteristics for a linear integration of heatpumps into the super-
structure. The approach explained in the following is based on the
linearization of the nonlinear relationship between COP and AT.
While in the previous publication (Prendl and Hofmann, 2020), a
typical heat pump characteristic was assumed, now a real vapor
compression HP was modeled and simulated with a given refriger-
ant and given temperature ranges to obtain the corresponding HP
characteristic.

The T-h-diagram in Fig. 2 shows the thermodynamic cycle of
the refrigerant (yellow) in a heat pump. This cycle consists of com-
pression of the superheated vapor (1-2), condensation and sub-
cooling (2-3), expansion (3-4) and the vaporization (4-1). In the
HP model these single processes were modeled according to their
corresponding thermodynamic relations and connected to a closed
thermodynamic cycle. As stated in Eq. (7) any external losses were
neglected. The refrigerant R1234 ZE was chosen in the model.
With the assumption of exact saturation of vapor and condensa-
tion a characteristic for the relationship between COP and temper-
ature difference was obtained. In Fig. 3 this characteristic is shown
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Fig. 2. T-h-Diagram of the HP model.
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Fig. 3. Linearized COP over AT.

alongside with its linear approximation given in Eq. (18). The maxi-
mum deviation between the calculated COP values and the approx-
imation for this case lies at 7.5%.

COP(AT) ~ a; + @ AT (18)

With this relation the electrical power consumption can be ex-
pressed as a function of the supplied heat flow (in this case Qpps)
and the temperature lift (Eq. (19)).

Pel = Qpys /COP = Pel (Qppsr, AT) (19)

Due to the similarity of the nonlinear equation of Pel to the
calculation of the heat exchanger area, a similar linearization ap-
proach as Beck and Hofmann (2018c) proposed was used. The non-
linear and nonconvex solution space for Pel gets split up into three
regions along the ATy, axis according to Eq. (20) with the index
x. In this regions Pel as formulated in Eq. (19) gets approximated
with linear polynomials as expressed in Eq. (21) with least squares
procedure. The maximum of the obtained planes (Eq. (22)), which
are shown in Fig. 4, is then used as piecewise linear and convex
Constraint CPel in Eq. (17) with means of BIG-M formulations.

AThpl = AThp min 0'3(AThp max — AThp min)

AThpZ = AThp min + 0~7(AThp max — AThp min)

AThp min = AThp > AThpl —-x=1 (20)
AThpl > AThP > AThpZ — X = 2

AThpZ > AThp > AThp max1 > X = 3

Pe’x(thsts AThp) ~ by + bZXthst + b3XAThp = CPe’x(thsta AThp)
(21)
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Fig. 5. Reduced solution space for Pel.

CPel (Qppst» ATyp) = max(CPely (Qupst, ATyp) (22)
x=1,2,3

Fixed boundaries for parameters of the HP, a minimum
and maximum power consumption (Pely;, =400 kw, Pelmax =
2000 kw) as well as boundaries for the temperature lift ATy, 5, =
20K and ATy, max = 50K were used. Also the HP approach tem-
perature gets set to fixed value (Tp,qp =5 K). As further tighten-
ing measure, a lower boundary for the COP is chosen (COPy;, = 3),
which cuts of the solution space as displayed in Fig. 5. The solu-
tion space above the red surface gets discarded which reduces the
possible solutions and thus the computational effort considerably.
The limitation of the range for the COP is justified by the fact, that
heat pumps are often only considered as an economically reason-
able option over an certain COP. Also the accuracy of the approxi-
mation improves and the computational times sink if the approxi-
mation domain gets tightened.

In Fig. 6 it is visible, that the percentual deviation of the ap-
proximation lies well under 10% in broad areas of the solution
space. It can also be seen that the tightening cuts off areas with
higher deviations, which are caused by the type and shape of
the approximation surface. The lower boundary of the power con-
sumption of the heat pump cuts of areas where even small abso-
lute deviations cause high relative deviations where the calculated
power consumption approaches zero.
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5. Test case

For the evaluation of the proposed method, a previous used
test case from Prendl and Hofmann (2020) has been extended. The
assumed process has a cycle time of four hours and is split into
four operational periods of one hour each. It consists of three hot
and three cold process streams which have varying mass flows in
the different time slices. The annual operation time of the pro-
cess is assumed as 8600 h. The extended superstructure model
was set up with two stages with the stream data and cost coef-
ficients given in Table 1. The two storages operate with thermo-oil
as storage medium, where both oils have a heat transfer coeffi-
cient of hy; = 0.5kWm~2K-1, the oil for the one tank ST has a heat
capacity of cpyyyr = 1.5k/kg= 1K1 and the oil for the two tank ST
has a heat capacity of cp,ipr = 2kJkg~1K=1. The fixed size of the
one tank ST is 100000 kg and the two tank ST operates at 70 °C
and 100 °C. The parameters and boundaries of the chosen HP are
given in Chapter 4 except the assumed heat transfer coefficient of
hyp = 5kWm=2K~1. Gurobi 8.1.0 was used as solver for the MILP.
The test case was chosen rather small to keep the results more
traceable and the computational effort low. It has to be mentioned
that even in the linear cost function, small changes of the coeffi-
cients can have huge impacts on the solution of the system. For
example a modification of the variable HEX costs has an effect on
all installation options and the changes in the results are hard to
trace because of the complexity of the problem. Some parameters
have been varied to test the behavior of the optimization for plau-
sibility. When the electrical power costs increase, the system tends
to chose HP that operate at points with higher COP, until the costs
surpass a critical point where no more HP get chosen for the sys-
tem. The same behavior is obtained for sinking utility costs. Also
when the costs for the two tank ST increase, at some point the
ST and also the HP are not chosen anymore because of the con-
nection between them. These reactions are expected from the op-
timization, and are only traceable for small problems.

6. Results

The test case described in Chapter 5 was optimized in two dif-
ferent setups with the same parameters. First the optimization was
done without the option for ST or HP to be chosen in the HEN to
be able to compare the new method to traditional HENS. Then the
proposed integration of HP and ST was applied to the problem.

6.1. Test case optimized without HP and ST

The optimized HEN without options for HP or ST is shown in
Fig. 7 and has total annual costs of TAC = 3, 132,700 € y~!. It con-
sists of seven stream - stream HEX and six utility HEX and the heat
flows of the installations for each time period are given in Table 2.
The total utility energy demand adds up 25.413 GWh y~1.
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Table 1

Stream data and cost coefficient of the test case.
Stream T Tout CP CcP CcP cp h

(C)  (C)  (kW/K) (kW/K) (kW/K) (kW/K) (kW/ml2]K)
period 1 period 2 period 3  period 4

Hs1 120 40 18 50 9 6 0.5
Hs2 90 30 22 22 1 2 0.5
Hs3 190 120 50 - - - 0.5
Csl1 20 100 20 10 10 15 0.5
Cs2 50 90 50 40 70 30 0.5
Cs3 120 150 - - 25 25 0.5
Hu 200 200 - - - - 1
Cu 10 15 - - - - 1

HEX cost = 4000+500 [A(mz)]le € y~1, ST cost 1T = 28000 € y~', ST cost 2T = 7000+0.15
[kg] € y~1, hot utility cost = 0.2 € kW~1h~', cold utility cost = 0.02 € kW-1h-', B =0.83,
dTy,in = 5°C electrical power costs = 0.03 € kW~'h~1, HP cost = 11000 € y!

120 °C: o~

Hs1 D5 ~—©® ~Cul)> 40°C
Hs2 20°C : : ® f@-»swc
Hs3=120°C1 Q= @O—Cud>120°C
E | @ P 20°C
0@ L LT @k T B
: : N is0°C
90 °c « Cu~—0@ 0% O— Cs2
150 °C<-(@ud: ; 120 Cce3

TAC = 3,132,700 €ly

Fig. 7. HEN obtained without HP and ST.

Table 2
Heat Flows without HP and ST (kW).
pl p2 p3 p4
1 27990 361.10 - 480.00
2 656.40 1600.0  585.00 -
3 914.80 - - -
4 694.50 - - -
5 186.00 297.70  135.00
6 21930 14130 - 120.00
7 649.10 - - -
Cul 317.70 17413 - -
Cu2 1100.7 11787  60.000 -
Cu3 12417 - - -
Hul - - 665.00  600.00
Hu2 - - 2215.0  1200.0
Hu3 - - 750.00  750.00

6.2. Test case optimized with integrated HP and ST

The obtained extended HEN after the application of the pro-
posed method is shown in Fig. 8 and has total annual costs
of TAC = 1,214,400 € y~!. The network consists of six stream -
stream HEX, five stream - ST HEX, four utility HEX, two HP, one 1T
ST and one 2T ST and its calculated heat flows and electrical power
demands are given in Table 3. For the extended HEN the total util-
ity energy demand is 5.7873 GWh y~! and the electrical energy
demands for powering the heat pumps is 4.7904 GWh y~! which
adds up to a total external energy demand of 10.578 GWh y~!. The
optimized storage size for the 2T ST is mg = 247684 kg thermo-oil
with a storage capacity of 4.1280 MWh. Its charging state displayed
over the cycle time is given in Fig. 9. The 1T ST operates between
132 °C and 161 °C and its temperature profile over the cycle time
is given in Fig. 10.

- - :
To1T < @— :
o' A1 H .
R e e S S 1, S
°C ! & : :
Hs2 20°C ® Qx—i€u)>30°C
ot o)) .
Hs3 190 C; P ® @_;—mzo °C
Y O
: (9)_/
Tsh100°C = : @~ _Tsc70°C
[\ S TN i
10 0+ @O P HOTI— 20 e
. >y 31 @) (0¥ : 50°C
90°C : G ; & " Cs2
: 5 5 )
150 °C<—(Gud): 9 : 120°C (g3
Ts1T . D—

TAC = 1,214,400 €ly

Fig. 8. HEN obtained with HP and ST.

Table 3
Heat Flows and P, results with HP and ST (kW).
p1 p2 p3 p4
1 608.92 - 13429  180.00
2 - - 120.00 -
3 - 228.50 - -
4 11932 - - -
5 - 1058.5 744.00 1200.0
6 737.10  421.50 465.71  300.00
7 25399 - - 120.00
8 516.01 54150 - -
9 2306.8 - - -
10 - - 200.00  555.00
11 - - 72440  468.80
Cul 93.990 936.01 - -
Cu2 550.00 550.00 60.000 -
Hul - 150.00 - 45.000
Hu2 - - 25,582  281.24
HP1 - 26425 - -
HP2 1484.0 - 1936.0 -
Pel HP1 - 13212 - -
Pel HP2 ~ 400.00 - 506.90 -

6.3. Comparison

The TAC of the HEN obtained with the proposed extended ap-
proach are 61.2% lower than the TAC for the network optimized
without HP and ST. The total external energy demand is 58.4%
lower compared to the total external energy demand of the ba-
sic HEN which can also be seen from the values in Tables 2 and 3.
Much less energy is needed because the storages allow to shift the
energy over the time periods as visible in Figs. 9 and 10. The 2T ST
gets charged in the first and second period and discharged at the
third and fourth period. Similar the 1T ST gets charged during the
first time period and discharged in the third and fourth.
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Fig. 10. Storage temperature 1T ST over cycle time.
7. Conclusion

A multi period MILP HENS approach that allows the integration
of HP has been extended for the option to integrate ST with vari-
able mass and fixed temperatures as well as ST with fixed mass
and variable temperatures. In order to get more realistic HP char-
acteristic curves, a simulation of a vapor compression HP with a
chosen refrigerant was deployed. Further tightening of the COP so-
lution space is used to improve the accuracy of the approxima-
tion and to reduce the computational effort. An previously used
test case has been adapted to demonstrate the proposed method
and to verify its behavior. The HEN resulting from the optimiza-
tion with the new approach was able to reduced the TAC by 61.2%
and the total external energy demand by 58.4% compared to the
classic HEN obtained without HP and ST options. It was found that
the computational times of the optimization are very sensitive to
changes of physical parameters or cost coefficients. This sensitiv-
ity can also be seen in the very different network solutions that
result when parameters are varied, which is caused by the nature
of mixed integer programming. For comparisons with real appli-
cations, additional factors have to be considered. Costs like piping
or instrumentation of installations are not included and the costs
coefficients are highly dependent on specific geographical and eco-

Computers and Chemical Engineering 147 (2021) 107237

nomical factors. Although, the high reduction of cost and energy
demand of the used test case is not directly comparable with real
applications, even after inclusion of additional costs considerable
savings can be expected trough the utilization of the developed
mathematical approach.
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