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ABSTRACT

Power-to-X (PtX) technologies play a central role in renewables-based energy systems by ena-
bling the conversion of renewable electricity into multiple energy carriers. However, due to the
multiple energy conversion stages inherent to such energy systems, they often suffer low system
efficiencies and high operational costs. In this context, waste product utilization offers significant
potential for improving system performance. Directly integrating waste product utilization into en-
ergy system operational problems, however, is computationally challenging, as it requires high
model granularity to capture waste product characteristics and introduces additional complex
constraints.This work proposes a method to integrate waste heat utilization into operational opti-
mization problems, aiming to improve the overall performance of PtX energy systems. Detailed
process models, together with pinch analysis, are used to generate surrogate models for the ther-
mal (by-)products and their associated temperature levels. The resulting optimization problem is
decomposed into multiple subproblems. To balance problem complexity and solution optimality,
two alternative approaches, “ex-post” and “co-optimized” are developed, differing in whether
waste heat utilization is addressed ex post or jointly optimized with the energy system opera-
tion.The proposed method is applied to optimize the daily operation of a PtX energy system. Com-
pared with a reference case without waste heat utilization, the ex-post approach achieves a cost
reduction of 7% within identical computational time (0.6h). The co-optimized approach yields cost
savings of up to 22% with a computational time of 3.4h. These results demonstrate the effective-
ness of the proposed method for integrating waste heat utilization into energy system operational
optimization.

Keywords: PEM electrolyzer, direct air capture plant, methanation process, MIQCQP, operational optimization,
NLP, decomposition, waste heat utilization

1. INTRODUCTION

Global efforts to mitigate the impacts of the climate
crisis and to reduce dependence on fossil resources are
driving the development of innovative and sustainable
energy systems. Among various alternatives, power-to-X
(PtX) technologies have emerged as a promising solution,
enabling the conversion of renewable electricity into al-
ternative energy carriers and chemical products. When
considered in a broader context, energy systems with in-
tegrated PtX technologies (PtX energy systems) offer
significant advantages in terms of operational flexibility,
decarbonization, and the provision of seasonal energy
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storage and supply.

However, as various process technologies and mul-
tiple energy conversion steps are integrated, the opera-
tion of PtX energy systems face significant challenges,
namely low overall energy conversion efficiency and the
resulting high operational costs. To improve the overall
system efficiency, waste product utilization poses a
promising solution [1, 2].

Nevertheless, integrating waste product utilization
into the operational optimization problems for highly in-
tegrated energy system is a complex task. Generally,
these optimization problems involve temporal coupling
constraints across the entire operational time horizon
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and are therefore usually computational intense. Moreo-
ver, the inclusion of complex process technologies often
necessitates a high level of model granularity to ensure
their operational feasibility, thereby introducing nonline-
arities, nonconvexities, and, in some cases, dynamic al-
gebraic equations into the optimization problem (chal-
lenge a). In addition, incorporating waste product utiliza-
tion further increases problem complexity by introducing
additional constraints that couple different product bal-
ances, rendering the resulting optimization problem
highly nested and computationally intractable (challenge
b).

Wang et al. [3, 4] developed a decomposition-based
optimization method and successfully addressed the first
complexity (challenge a). By incorporating detailed pro-
cess models into energy system operational problems,
the decomposition method successfully harmonizes the
dynamic operation of a diverse set of process technolo-
gies within a PtX energy system. While high-fidelity pro-
cess models ensure the feasibility of the resulting opera-
tional strategies, computational tractability is maintained.

Nevertheless, despite the optimized feasibility and
flexibility, previous works have not fully exploited the po-
tential of integrating detailed process models into energy
system optimization. Specifically, auxiliary thermal (by-
Jproducts of different process technologies remain
largely decoupled, often necessitating simultaneous and
unnecessary external hot and cold streams purchases.

1.1 Contribution of this work

This work further advances the decomposition
method to enable waste heat utilization in energy system
operational optimization (challenge b). Built on prior
work, we incorporate pinch analysis into the decomposi-
tion method. Correspondingly, the waste heat can be de-
composed into thermal products with different tempera-
ture levels. As additional complicating constraints are in-
troduced into the optimization problem, which could in-
crease computational burden, we also develop two alter-
native solution approaches to balance the computational
efficiency and optimality. In these approaches, waste
heat utilization is either addressed ex post or jointly opti-
mized with the energy system operation.

This work is structured as follows: The operational
problem for a PtX energy system is stated in Section 2.
Section 3 details the modeling of the optimization prob-
lem, while Section 4 describes the proposed solution ap-
proaches. The computational results are discussed in
Section 5. Section 6 concludes the work.

2. PROBLEM STATEMENT

We adopt the PtX energy system from literature [4]
to state our problem, as illustrated in Figure 1.
The energy system aims to fulfill electricity (el-) and
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heating (th-) demands of an office building via energy
conversion or direct purchase from the grids (cf. the blue
background in Figure 1). The th-demand for the office
building typically requires a supply temperature at a me-
dium temperature level (MT). A total of twelve energy
system components are included: seven conversion
components—photovoltaic panels (PVs), a proton ex-
change membrane (PEM) electrolyzer, a direct air cap-
ture (DAC) plant, two identical methanation processes
(MPes), a boiler and a combined heat and power (CHP)
engine—and five storage components for the products
electricity, Hz, CO2, CHa and heat, respectively.

The PtX technologies introduce diverse process
characteristics into energy system operation (cf. the
green background in Figure 1). The DAC plant operates
as an adsorption-desorption batch process and requires
an external hot stream at high temperature level (HT) af-
ter adsorption to raise the column temperature for the
subsequent desorption step. The PEM electrolyzer is
governed by electrochemical reaction, with conversion
efficiency strongly influenced by operating temperature
and pressure. The MPes involve strongly exothermic re-
actions, for which the catalyst performance is con-
strained by reaction temperature. Consequently, an ex-
ternal cold stream at low temperature (LT) level is re-
quired for the PEM electrolyzer and MPes to maintain
their respective operating temperatures.

In summary, three thermal products at different
temperature levels, HT, MT and LT, are involved in the
studied PtX energy system. To date, these thermal prod-
ucts are treated independently during operation, which
prevents the exploitation of thermal integration potential
and leads to inefficient operational decisions. Therefore,
the goal of this work is to develop modeling and solution
approaches that enable the integration of waste heat uti-
lization into the operational optimization for the PtX en-
ergy system (cf. the red background in Figure 1).

3. POWER-TO-X ENERGY SYSTEM
MODELING

The modeling of the PtX energy and process sys-
tems (cf. the blue and green background colors in Figure
1) are adopted from our previous work [3-5]. For com-
pleteness, an overview of these models is provided in
Section 3.1. This work further extends the modeling to
address the heating circuit, as detailed in Section 3.2.

3.1 Energy and process systems modeling

We collect all twelve energy system components in
the set X and model each component k (k € X) with its
input-output relationship(s):
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Figure 1. Structure of a power-to-X energy system, adapted from [4]. The complete energy system is indicated
by a blue bacground, while the components that are modeled using detailed process models are highlighted with
a green background. The red background represents the heating circuit for potential waste heat utilization pro-
posed in this work. PVs: photovoltaic panels; DAC: direct air capture plant; PEM: proton exchange membrane
electrolyzer; MPes: two identical methanation processes; CHP: a combined heat and power engine; HT, MT and
LT: high, medium and low temperature levels, respectively; th: heating; el: electricity.

Biee = f(Bies %k Vi, ™

where E%, and E}, , denote the input and output product
flows of component k at time step ¢ (t € J), respectively.
The subscripts e and ¢ indicate the product types (e,é €
& = {el, H,, CO,, CH,, th; 1, thyr, thyr}). € and e are different
if k is a conversion component and are identical if k is a
storage component.

The surrogate vector x° collectively represents
other decision variables of component k at the energy
system level, such as on/off status of conversion compo-
nents, charge/discharge decisions and the state of
charge of storage components. These decision variables
generally have a direct impact on the operational deci-
sions of other energy system components. The surrogate
vector yfS denotes other decision variables of component
k at the detailed process system level, such as the oper-
ating temperature and pressure of a reactor or the outlet
temperature of a heat exchanger within the process of k.
These decision variables ensure the feasibility of k and
usually do not have a direct impact on other energy sys-
tem components (K\{k}).
Wang et al. /| LAPSE:2026.0263

Note that, for notational convenience, this work
adopts the following convention: Given a decision varia-
ble indexed over multiple sets, say x,, with k € X,e e
&,t € T, the bold notation x; or x represents the vector
containing all x, ., over subsets or the entire index set.
For example, E}}, denotes E,,.VteJ; E™ indicates
e VkE K, e€ &t eT.

Depending on the inherent operational complexity
of component k, a detailed process model might be un-
necessary. We collect components that require a detailed
process model in the set X" C K. This work considers
four key PtX technologies with detailed process models,
i.e., X* = {PEM, DAC, MPes}, where MPes collectively rep-
resents the two identical methanation processes. For all
other components (k € X\X™), Eq. (1) generally takes a
linear or quadratic form, with or without binary variables,
and the vector yfS is empty.

PEM electrolyzer. The detailed process model of
the PEM electrolyzer is adopted from [5]. It comprises
heat exchangers, electrolysis cells, flash units, a multi-
stage compressor, all described by detailed electro-
chemical, heat and mass transfer models. Accordingly,
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Figure 2. Heating circuit for waste heat utilization in power-to-X energy systems. A minimum allowable
temperature difference (AT™") of 10 K is assumed for all heat exchangers in the PtX energy system.

the following decision variables are included in Eq. (1):
yg%M — {Ucell’ Utn’ I, Tstack’ pcat’ } (2)

The waste heat Q& is decided by the cell voltage U*!,
the thermoneutral voltage U™ and current I, which are re-
lated to other operating variables, such as the stack tem-
perature Ts“* and cathode pressure p®. As electro-
chemical reaction and physical properties are involved,
Eq. (1) for the PEM electrolyzer includes multiple nonlin-
ear formulations.

DAC plant. The detailed process model of the DAC
plant is originally from [6]. It comprises a fan, an adsorp-
tion/desorption column, a vacuum pump and heat ex-
changers. The DAC plant operates through a steam-as-
sisted temperature vacuum swing adsorption (S-TVSA)
cycle, and progresses through five phases (adsorption,
blowdown, heating, desorption, and cooling). The follow-
ing decision variables are included in its detailed process
model:

y]I;i\C — {Tdes’ mads’ pdes’ } (3)

The external heat supply Q%" for the DAC plant is re-

quired during the heating and desorption phases to en-
sure that the column reaches and maintains the desorp-
tion temperature T9s, Other relevant operating variables
include, for example, the inlet air mass flow m** and col-
umn pressure p%s. The original process model of the DAC
plant incorporates detailed mass and heat transfer mod-
els, adsorption equilibrium models and is formulated as a
system of differential-algebraic equations. To reduce
computational burden, a shortcut search path is used, as
applied in the literature [4].

Methanation processes. The PtX energy system in-
cludes two identical MPes. For each MP, the TREMP™
methanation process model from [3] is applied. The pro-
cess model describes a four-stage Sabatier reaction,
consisting of four adiabatic reactors (R1-R4) connected
in series, seven adiabatic heat exchangers (HEX1-HEX7),
two adiabatic compressors, and three isobaric, isother-
mal flash units. Accordingly, the following decision
Wang et al. /| LAPSE:2026.0263

variables are included in Eq. (1):
yES, = { TRI-R4 PHEXIHEXT 3 (4)

The waste heat of each MP Q' is determined by the
operating temperature of the reactors TR"® which are
primarily controlled by the inlet and outlet temperatures
of the heat exchangers THEXI'HEX7 Note that five h eat
exchangers operate as cooling units and require external
cold streams, while the remaining two operate as heating
units and require external hot streams. Together, these
seven heat exchangers enable internal heat integration
within the MP and release only the residual waste heat
(i.e., require only a cold stream supply). Because the de-
tailed process model accounts for physical properties
and catalytic chemical reactions, it introduces strong
nonlinearities and nonconvexities into Eq. (1).

3.2 Waste heat utilization

To enable waste heat utilization, all thermal product
flows must be considered along with their corresponding
temperature levels. Therefore, we first extend the mod-
eling. The proposed heating circuit for waste heat utiliza-
tion in the PtX energy systemiis illustrated in Figure 2. We
assume a minimum allowable temperature difference
(AT™") of 10 K for all heat exchangers in the studied PtX
energy system.

According to the process characteristics, the oper-
ating temperature for the PEM electrolyzer ranges from
20 to 80 °C [5]. Under optimized operational conditions,
with current densities ranging from 0.1 to 2 A/cm? (corre-
sponding to 50-1000 kW H: at lower heating value), no
waste heat is generated when the current density is be-
low 0.98 A/cm? (480 kW H2), and the stack temperature
remains at 80 °C when the current density is above 0.88
A/cm? (433 kW H2). The desorption temperature for the
DAC plant is between 90 to 100 °C [6]. In MPes, the adi-
abatic reactors operate between 250 and 530°C. Ac-
cordingly, the outlet temperature of the downstream
cooling heat exchangers varies from 30 to 270 °C [3]. Ad-
ditionally, the supply temperature for domestic heating
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demand is typically around 65 °C [7].

Therefore, the HT waste heat of the MPes can be
utilized to operate the DAC plant. Any surplus waste heat
from the MPes can be further integrated into the thermal
product balance at the MT level. At the same temperature
level, the waste heat from the PEM electrolyzer can also
be used for supplying the th-demand. As a result, the
models for the thermal products are updated from:

i = ERiu, iy (5a)
) mai)ste = El(\)/}llg thyp! (5b)
to:
it = EDEM, thyr + EPEM, thyr T EPEM, thyp (6a)
-;\V/I%’Ste = EK,}% thyy T El?/}llg thyr T 1(\)/}11; thyre (6b)

The bounds of the newly introduced decision variables
are decided by the detailed process models:

Jwaste phout, max in fout PS
Qrn > By, thy, = gpem (Epbms EpEns Ypem)) (8a)

A t Sout, max  ghout, max __ i Sout PS

QNP > Eyip thyy» EMP, thyyy = &mp(Enies ENips Ynp)- (8b)
Here, the decision variable Ep; ™ represents the maxi-
mum available amount of waste heat for utilization at dif-
ferent temperature levels.

4. OPERATIONAL OPTIMIZATION

The operational optimization problem is formulated
by minimizing the operational cost, subject to Egs. (1)-(4)
and Egs. (6)-(8), as well as product balance constraints.
The resulting operational optimization is computational
very challenging. Therefore, we apply the decomposition
method proposed in [3, 4] and further develop it solve
the operational problem with integrated waste heat utili-
zation.

The decomposition method reformulates the origi-
nal optimization problem into a set of subproblems by

Eout =0, 7a . .
PEM, thyr (7a) constructing surrogate models for the detailed process
0< E3, thyy < E;E;ﬁi’;ﬂl (7b) models, which .are theﬁ solved iterativgly. The su’rrogate
) models have either a linear or quadratic formulation. For
o sout, max . . ..
0 < ENp iy < Entp gy (7c) brevity, the following description focuses on the newly
. . . developed part of the method. A comprehensive descrip-
0< EQ < Eoma y pouhmax 7d . . ; ; :
= PP thyr = B thyy T EMP this (7a) tion of the complete method is provided in the previous
where work [3, 4].
Optimization problem at the energy system level:
. ES _ buy buy,ES _ sell ~sell,ES
E’*buy,ES’Esell,EE%EES’EouL,ES’xESC - teZTAtt "ezé‘ (Cé,f Eé’t Cé"Eé" ) (9a)
e ext
st Desl ot — ER) + B ™ — B = B, Vee &t e T, (9b)
ES/ in,ES pout,ES __ES
g5(ET L E ,X5) <0 Vke K,e€ & tedT, (9¢)
(B Bex ) Problem (9)
Egs. (6)-(7), (9d)
EOWES BSOS BINES EouES @ j+ Vk € K,e € Et €T, (9e)
xS € RNx, (9f)
Optimization problem at the process system level:
min el =S At OV EDPS
E-,zuy.PS’E-,;(n,PS’E'iul,PS’yPS k teZT té;m( et ket ) (103)
st gl (Ber B B Y ) <0 Vee & t €T, (10b) Problem (10)
E,E‘LytPSE,L“ePfE,‘zL‘e‘fS € R* Vee&te T, (10c)
yi €RW. (10d)
Pinch analysis at the process system level:
Ez‘ﬁi i,Ez“t;isT,Ez“t‘hi ST = pinchAnalysis(Eg";PS,ng;t‘PS ) vk € X. (1)
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Table 1: Bounds on decision variables related to waste heat utilization in the operational optimization problem.

Ex-post approach

Co-optimized approach

s=1
sout,max __ sout,max __  jSoutsur
Eppnthy = 0 (12a) Eorvthyr = EPEM, thyr (13a)
sout,max __ sout,max __ pHout,sur _ sout,sur
EMRmWF— (12b) EMRmWF_ EMRm EMRmm (13b)
sout,max __ soutmax __ pioutsur _ phoutsur
EMP,thMT =0 (1 2C) EMP,thMT — EMP, th EMP, thir (13(:)
s =2
Sout,max sout,max __ r-out,PS
EmMmMF_O (12d) EHMMWT_ EWMJMW (13d)
Sout,max __ phout,PS Sout,max __ rhout,PS
MP,thyy — ~MP, thyp (1 26) MP,thyr — —MP, thyr (136)
sout,max __ phout,PS Sout,max __ phout,PS
EMP,thMT - EMP, thyr (1 2f) EMP,thMT — EMP, thyr (1 3f)
s =3
sout,max __ psout,PS sout,max __ j5out,PS
EPEM,thMT = LTPEM, thyr (1 29) EPEM,thMT = EPEM, thyr (139)
~out,ES . ~out,ES . o
Eyp i, 18 fixed. (12h) Enp iy, 18 fixed. (13h)
Sout,max __ phout,PS ~out,PS =out,ES H Sout,max __ phout,PS =out,PS ~out,ES H
Enping, = Evel iy, + Enpl i — Evping,) (12i) Enpling, = ey, + Enpl iy, — Evpling,) (13i)

After decomposition, the operational problem con-
sists of one optimization problem at the energy system
level (Problem (9)), and multiple optimization problems
focusing on the process system level (Problem (10)), one
for each energy system component k (k € X).

In Problem (9), the objective function minimizes the

purchase of external energy consumption (E2**™) and

e,t
maximizes the feed-in revenues (E5}"™), weighted by
their respective cost parameter, ¢, and ¢!, and multi-

et et

plied by the time-step length At, (Eq. (9a)). Equation (9b)
represents product balance constraints, while Eq. (9c)
summaries the input-output relationships of each k. They
correspond to Eq. (1) for k € X\X™ and to surrogate
models for k € X™. For energy system component k €
KPS, the detailed process models are solved separately
at the process system level in Problem (10) (cf. Eq. (10b)).
The superscripts ES and PS indicate whether a decision
variable or a constraint belongs to Problem (9) or (10),
respectively.

Due to the inclusion of waste heat utilization, Egs.
(6)-(8) must be incorporated into the operational prob-
lem. Equations (6)—(7) can be directly integrated into the
optimization problem at the energy system level (Prob-
lem (9)) as complicating constraints (cf. Eq. (9d)). Since
Egs. (8) involve detailed process models and cannot be
directly integrated into Problem (9), we replace them by
incorporating pinch analysis into the decomposition
method, as shown in Eq. (11).

The semi-sequential approach introduced in the lit-
erature [4] is applied to solve the decomposed optimiza-
tion problems. The main steps of the approach are pre-
sented in Algorithm 1.

The energy system components using detailed pro-
cess models are addressed with a pre-defined sequence
(lines 1to 2). We first determine the operational decisions
for MPes by iteratively solving Problems (9) and (10) until

Wang et al. /| LAPSE:2026.0263

their solutions converge to identical operational deci-
sions (lines 3 to 10). Subsequently, pinch analysis is per-
formed for each MP to identify the bounds for waste heat
utilization (line 11). We then fix these bounds, along with
all decision variables related to MPes, in Problem (9)
(lines 12 to 14) and proceed to the DAC plant in the next
sequence (cf. line 2). These sequential steps are re-
peated until all k € XS are addressed (lines 2 to 14). Con-
sequently, we find an optimal operational strategy for the
PtX energy system (line 15).

Algorithm 1 Decomposition method

s =1

: For k = {MPes,
i =1

: For i< ima;
Solve Problem (9)

Solve Problem (10)

If converge:

Goto Step 11

: Else:

10: i =1i+4+1 and Goto Step 4

11: Do pinch analysis via Eqgq. (11)

12: Fix bounds via Egs. (12) or (13)

13: Fix decision variables of all con-
verged components in Problem (9)

14: s = s+1 and Goto Next k

15: Find an optimal operational strategy

DAC, PEM}

O Joy U W N

e}

As mentioned earlier, incorporating waste heat utili-
zation introduces additional complicating constraints into
the optimization problem at the energy system level (cf.
Egs. (6)). These complicating constraints can signifi-
cantly increase the computational effort required to solve
Problem (9). To address this issue, we propose two solu-
tion approaches for handling these complicating con-
straints.

Syst Control Trans 5:483-491 (2026) 488



As shown in Table 1, the bounds, i.e., the maximum
available waste heat at different temperature levels, are
integrated into Problem (9) either “ex-post” or “co-opti-
mized”, depending on whether waste heat utilization is
considered ex post or jointly with operational optimiza-
tion.

In the ex-post approach, waste heat utilization is in-
itially deactivated (cf. Eqgs. (12a)-(12c)). After the opera-
tional decisions for MPes are determined, the bounds on
the available thermal products that can be reused at HT
and MT levels are identified via pinch analysis. These
bounds are then passed to Problem (9) for the subse-
quent sequence (cf. Egs. (12d)-(12f)). After the opera-
tional decisions for the DAC plant are determined, the
bounds in Problem (9) are updated for the final compo-
nent, PEM (cf. Egs. (12g)—(12i)). In this approach, the
complicating constraints, i.e., Egs. (6), are inactive during
s = 1, which reduces the complexity of Problem (9).

In the co-optimized approach, the complicating
constraints are active throughout all sequences. Instead
of fixing the maximum bounds to zero, feasible bounds
are specified for the decision variables associated with
waste heat utilization. This difference is illustrated by
comparing Egs. (12a)-(12d) with Egs. (13a)-(13d). More-
over, because pinch analysis is performed at the end of
each sequence, the feasible bounds for the first se-
quence are obtained from the surrogate model of com-
ponent k (k € {PEM, MPes}) (cf. Egs. (13a)-(13c)).

Note that Algorithm 1 can also handle non-conver-
gence situations. As the focus of this work is the integra-
tion of waste heat utilization, a detailed description is
omitted. Further information on handling non-conver-
gence can be found in the literature [3, 4].

5. NUMERIC STUDY

5.1 Implementation and specification

We apply the proposed method to optimize the daily
operation of the aforementioned PtX energy system. The
resulting operational problem is solved via ex-post and
co-optimized approaches, respectively. In addition, a ref-
erence case using the original decomposition method is
included as a benchmark to evaluate the impact of waste
heat utilization.

5.2 Results and discussion

We discuss the results of the numerical study from
two aspects: computational performance and the result-
ing optimal operational strategy.

5.2.1 Computational performance

The computational effort of all three cases is given
in Table 2.

In the reference and ex-post cases, the computa-
tional performance is very similar, with the operational

Wang et al. /| LAPSE:2026.0263

optimization problem being solved within 40 min in both
cases. This is reasonable, as the complexity of the opti-
mization problems addressed in the two cases is nearly
identical, with the ex-post case featuring slightly relaxed
bounds on decision variables since the second sequence
(cf. Egs. (12e)—(12i) in Table 1).

Table 2: Comparison of computational performance. HU:
heat utilization.

w/o HU w/ HU
Ref. Ex-post Co-optimized

Time [s] 2133 2281 12063

(~36 min) (~38 min) (~3.4h)
Nr. of iteration (MPes + DAC + PEM):

6+2+1=9 6+4+1=11 1M+2+1=14
Average computing time for solving Problem (9) [s]:

s=1 256 259 1011

Table 3: Overview of the system efficiency and opera-
tional costs. HU: heat utilization.

w/o HU w/HU
Ref. Ex-post Co-optimized
Efficiency 1% 48 % 61%
Operational costs [€/d]:
Total 5672 5266 4431
el-grid 4855 4545 3983
hot stream 793 448
747

cold stream 25 1 1

-grid 0 0

The co-optimized case requires significantly more
computational time, approximately 3.4 hours. In particu-
lar, the operational decisions of MPes converge more
slowly, necessitating twice as many iterations compared
with the other two cases. Moreover, the inclusion of ad-
ditional complicating constraints at the energy system
level further increases the average solution time of Prob-
lem (9). Especially, in the first sequence (s = 1), the aver-
age solution time is about four times as long as in other
cases. The average computing times in the subsequent
sequences are comparable across the three cases and
are therefore not presented here.

5.2.2 Optimal operational strategy

The overall operational performance of the PtX en-
ergy system is summarized in Table 3, where the system
efficiency is defined as the ratio of useful output energy
to total input energy.

The results indicate that waste heat utilization sig-
nificantly improves the operational performance of the
PtX energy system: The overall system efficiency
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increases by up to 48.8 % and the total operational cost
decreases by up to 21.9 % (cf. the co-optimized case).

In all three cases, electricity consumption accounts
for over 85% of the total operational cost, while the pur-
chase of the hot stream contributes more than 10%.
When waste heat utilization is applied, additional savings
are achieved not only through reduced reliance on exter-
nal thermal supplies but also through lower electricity
consumption.

To better understand the operational decisions on
energy consumption, we examine the resulting operating
strategy of selected energy system components. The to-
tal amounts of CHa, CO2, and H2 produced for three cases
are shown in Figure 3.

2 14000 B ref ex-post MM co-optimized
3
o
£ 7000
e
= 0
CH;inkWh  CO;inkg H, in kWh

Figure 3. Total amounts of CH4, CO2, and H2 produced.

Compared with the reference case, the amounts of
CHa, CO2 and Hz produced in the ex-post case remain un-
changed. This is because the operational decisions of the
MPes are determined before waste heat utilization is ap-
plied. As a result, the CHs output, H2 and CO: inputs are
identical in both cases. However, because less CHais re-
quired for supplying th-demand, the surplus CHs is fed
into the g-grid. In addition, the CHP engine operates and
converts 6614 kWh redundant CHa into 2554 kWh elec-
tricity, leading to cost savings in electricity consumption.
In contrast, in the reference case, the CHP engine re-
mains inactive over the entire input time series.

In the co-optimized case, a significant decrease in
the production of all three products is observed. To bet-
ter understand this decrease, we further examine opera-
tional decisions related to waste heat utilization. Figure 4
illustrates the distribution of waste heat from the MPes in
both the ex-post and co-optimized cases. The lines indi-
cate the available waste heat, while the bars show the
integrated amounts at HT, MT and LT temperature levels.

In the ex-post case, 4257 kWh waste heat is gener-
ated from the MPes: 89.5 % at HT level, 5.4 % at MT level,
and 5.1 % at the LT level, while the LT waste heat cannot
be reused within the PtX energy system. About 52.2 % of
the HT waste heat is integrated into the thermal product
balance at the HT level to support the operation of the
DAC plant. The remaining 47.8 % HT waste heat, together
with the 5.4 % MT waste heat is supplied into thermal
product balance at the MT level.

In the co-optimized case, although 89.4 % of the to-
tal 2805 kWh waste heat is available at the HT level, all
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of itis integrated into the MT level to support heating de-
mand. As a result, less CH4 is required, which in turn re-
duces the demand for H2 and CO: within the energy sys-
tem (cf. Figure 3), thereby significantly reducing the
overall operational costs (cf. Table 3).

ex-post

= 360
X~ Bl HT MT B LT
[ =
= 180 -
B 0 -

co-optimized
> 360
Y M HT MT = LT
f o
=3 0 T T — T T T

1 4 8 12 16 20 24
Time step in h

Figure 4. Waste heat generated by the MPes and its
distribution among reuse options at each time step.
Lines: available waste heat; bars: integrated waste heat.

6. CONCLUSION

This work presents an optimization method for inte-
grating waste heat utilization into operational problems
of PtX energy systems. Using detailed process models
and pinch analysis, waste heat at multiple temperature
levels is incorporated into the operational optimization
problems. The proposed method includes two different
solution approaches, namely ex-post and co-optimized,
to handle the problem complexity and offer a trade-off
between computational effort and solution optimality.

The proposed method is applied to optimize the
daily operation of a PtX energy system adopted from lit-
erature. Compared with a reference case computed with
literature setting (without waste heat utilization), the two
proposed solution approaches improve operational per-
formance to different extents while requiring different
levels of computational effort. The ex-post case achieves
an efficiency improvement of 7 p.p. and cost savings of
7.2 %, while requiring the same computational time as the
reference case. When a higher computation effort is ac-
ceptable, the co-optimized approach yields significantly
larger improvements, with an increase in system effi-
ciency of 20 p.p. and cost savings of 21.9 %.

Overall, the proposed method successfully ad-
dresses waste heat utilization within the operational op-
timization problem and is generally applicable to renew-
ables-based energy systems, especially those with PtX
technologies integrated. Future research could focus on
reducing the computational effort of the co-optimized
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approach. Moreover, control strategies could be inte-
grated into the proposed method to assess their applica-
bility under real-world operating conditions.

DIGITAL SUPPLEMENTARY MATERIAL

The digital supplementary material of this work can be
found in a Git repository: https://git-ce.rwth-
aachen.de/ltt/ptg-es4.
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