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ABSTRACT: CO, electroreduction driven by renewable energy is | ‘ ' ore ceonomie thom BESS
lowering the production cost

Storage
tank (ST)

intermittency challenges its operation. This work aims to
understand the impacts of intermittency on the design, volume |/d0Z5=——-
flexibility, and scheduling of a microbial electrosynthesis (MES) | % ________________ |

a promising technology for defossilizing the chemical industry, but | | L[z
g | =
|

plant that converts CO, to hexanoic acid. A battery and a storage i - :ﬁoz o . /

tank were considered to buffer the intermittency. Explorative case |} o g aaengcea
studies showed that batteries were economically unfavorable. i Hexanoic acid | (current market: 2.5-4.2 €/kg)
Restricted by th.e down.str.eam p'rocessmg .(DSP) .ﬂElelllt.y, a i elecht"r';x:;;lesis S°'“"‘:°:,‘ﬁ?:§;f:;" (c6A) i (2-85{?;:5?5\”1/: ;g;\coupled
storage tank with optimized size combined with optimal |v-oeoeeo—7F [ with grid electricity)
scheduling, under the assumed conditions in this work, improved

the plant’s volume flexibility only by 10%. The carbon footprint became 3 times lower when switching from grid to renewable
electricity, but the levelized production cost of hexanoic acid increased. Hence, coupling with renewable electricity was not
economically but environmentally favorable. Developing more flexible DSP technologies or synthesizing higher-purity chemicals are
needed to enhance MES’s attractiveness.

1. INTRODUCTION concentration of the targeted products and the type of
impurities. However, downstream processing (DSP) is often

To mitigate anthropogenic global warming, accelerating energy
less emphasized or is even overlooked in ex-ante technoeco-

transitions is crucial in many industrial sectors, including the

chemical sector.”” To reduce CO, emissions in the chemical nomic assessments."” MES produces hexanoic acid in a dilute
sector, fossil-based feedstocks and fuels are expected to be aqueous environment. Hexanoic acid has a longer carbon chain
replaced by cleaner alternatives. For instance, fossil-based and, hence, a higher boiling point. Additionally, they can form
carbon sources can be replaced by CO, captured from the air an azeotrope with water. As a result, the reported separation
or exhaust gas, while fossil-based electricity can be substituted trains cannot easily recover it to a high degree of purity.'*™"¢
by renewable energy, such as solar and wind. Therefore, the Moreover, the intrinsic variability in renewable electricity and
electroreduction of CO, to value-added chemicals with consequent fluctuations in the throughput rate of the MES unit
renewable electricity is a promising alternative in the chemical further exacerbate the challenge in the DSP design. Some
sector. It is also seen as a prospective candidate for demand researchers have investigated the performances of MES
response by the power sector.”* Among the different CO, technologies under fluctuating renewable electricity supply, at
electroreduction technologies, microbial electrosynthesis a lab or plant scale.'” "> However, hexanoic acid was not their
(MES) is an emerging technology that can convert CO, into target product.

useful chemicals throug;h electricity-driven microbial reactions, In our previous work2! we proposed and modeled a MES
such as hexanoic acid.”™" High-purity hexanoic acid has a high plant producing high-purity hexanoic acid at a design capacity
market value and is, hence, an attractive product. It is currently of ca. 10 kt/y and consuming 602 TJ/y of electricity. The DSP

produced by fractional distillation of coconut or palm kernel
oil, mainly exported by Indonesia or Malaysia.®” As a result,
this product is constrained by the origins and availability of raw
materials, whereas the MES route would allow for more flexible
supply chains and upscaling.

Up to now, both fundamental research and ex-ante
technoeconomic assessments of low-temperature direct CO,
electroreduction technologies, focus on the synthesis of
commodity chemicals or fuels such as hydrogen, methane,
methanol, or ethylene.'””'* Their downstream recovery and
purification processes are challenging because of the low

technologies selected to purify the hexanoic acid stream were
liquid—liquid extraction (LLE), solvent regeneration (SR), and
distillation. We assessed the plant’s volume flexibility (under-
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Table 1. Overview of Case Studies”

reference explorative optimized

case (k) A B C D E F
Factors Considered
electricity profile grid IRE IRE IRE IRE IRE
buffering units implemented - - BESS ST BESS&ST depends
predefined sizes of buffering units - - yes yes yes -
predefined operating scheme - - yes yes yes -
optimized scheduling - - - - - yes
optimized sizes of buffering units - - - - - yes
Indicators Used
production shutdown time per year (h/y) - yes yes yes - yes
hexanoic acid production (kt/y) - yes yes yes - yes
levelized production cost of hexanoic acid, LPClg, (€/kg) yes yes yes yes - yes
load ratio range, LRR* (%) - yes yes yes - yes
total electricity consumption EC; (%) - yes yes yes - yes
surplus electricity consumption ECY; (%) - - yes - - depends
extra production required, Mgy, (kt/y) - - - - yes -
extra production available, Mcm,m (kt/y) - - - - yes -
carbon footprint (t CO,eq/t C6A) yes yes - - - yes

“IRE: intermittent renewable electricity; BESS: battery energy storage system; ST: storage tank.

stood as the ability of the plant to operate over a range of
electricity loads while meeting product requirements, and not
damaging the equipment)*” for different intermittent renew-
able electricity (IRE) profiles and storage strategies with
batteries. According to our modeling results, the MES plant
without a battery energy storage system (BESS) could be
operated between 70 and 100% of its nominal capacity. The
major bottleneck was the last heat-based distillation unit in the
process. Below 70%, the plant must be shut down. The results
suggested that covering short periods of electricity shortage by
a BESS increased the product quantity synthesized yearly,
though the reduction in the production cost was insignificant
(e.g, with a BESS size under 14 MW). On the other hand,
covering long periods of electricity shortage was too capital-
intensive; the capital investment in the BESS soared because of
the substantial capacity required, whereas limited extra revenue
was obtainable. For instance, to avoid all shutdown periods, a
BESS of nearly 500 MW would have been needed. Based on
the outcome of our previous work,”" which investigated
different predefined sizes and operating schemes of the BESS
(discrete cases), we argued that if a capital-intensive flexibility
strategy is not used efficiently, it can lead to a high sunk cost.
Optimizing the sizes of the buffering units, the use of the
buffering units, and the operating loads of the MES plant were
deemed necessary. In contrast to the expensive BESS, a
cheaper buffering option, storage tanks (ST, has been advised
in the literature to decouple the more from the less flexible
sections of a process, to buffer the fluctuations in flow rates
caused by intermittent renewable electricity in Power-to-
Chemical plants.'">*~*’

Operation scheduling has been primarily intended for
meeting })roduct demand and reducing capital and operating
costs.”¥% However, in recent years, integrating IRE into the
electricity grid while minimizing operating costs has led to a
considerable and growing number of studies, which have
approached the IRE integration problem as a scheduling
problem with a commonly used hourly resolution over a
year."””?°7%° Such a problem has usually been formulated as a
mixed-integer linear programming (MILP) or a mixed-integer
nonlinear programming (MINLP) problem.

In this paper, we extend our previous work”' by addressing
two questions of relevance for stakeholders and technology
developers: (i) how does hourly fluctuation in the electricity
supply affect the sizing of the buffering units (i.e.,, BESS and
ST) and scheduling of a MES plant? and (ii) what are the
subsequent trade-offs in terms of technoeconomic perform-
ances and carbon emissions when the buffering units are
installed and the scheduling is optimized? We aim to provide
insights into the flexible operation of Power-to-Chemical
processes that synthesize long-chain chemicals.

2. MATERIALS AND METHODS

This work started with building the system model, where the
design considerations of the plant were specified, the process
model was developed, and electricity profiles were selected
(Section 2.1). Next, explorative case studies were conducted
under predefined operating schemes and buffering unit sizes
(Section 2.2), which were the starting point of the
optimization problem. They helped to narrow the optimization
down, namely reducing several variables and nonlinearities,
which eventually determined the use of a ST as the only
buffering unit and confined the boundaries of variables. Section
2.3 elaborates on how these cases were characterized by
various indicators. Next, an MINLP (ie., mixed-integer
quadratically constrained programming-MIQCP) problem
was constructed and solved in Python (Section 2.4). The
operating patterns of the MES-based plant and of the tank and
the size of the tank were optimized to obtain maximum
annualized net profit (ANP). This optimized case was further
evaluated by using several indicators presented in Section 2.3.
In addition, the carbon footprint was calculated for the
optimized case and compared with the cases with grid
electricity and continuous operation and with IRE but without
buffering units (see Section 2.5), revealing the impacts of IRE
as well as of the optimal scheduling and buffering unit size on
the carbon footprint. Last, sensitivity analyses were performed
on the optimized case (Section 2.6).

Table 1 gives an overview of the six (reference, explorative,
and optimization) cases studied in this work (details in Section
2.2). For clarification, Cases A, B, and C are the same as Cases

https://doi.org/10.1021/acs.iecr.4c01385
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Figure 1. (a) Block flow diagram of the process of hexanoic acid production via MES. MES: microbial electrosynthesis. BESS: battery energy
storage system. LLE: liquid—liquid extraction. SR: solvent regeneration. TD: dehydration column. ST: storage tank. TOA: trioctylamine. (solvent
used for liquid—liquid extraction). (b) A simplified illustration of the operating patterns of the MES plant. Notice: the acidification unit was
omitted in this figure. DSP: downstream processing. Adapted with permission from ref 21, Copyright 2024 Chemical Engineering Research and

Design.

0, 2, and 4 in our previous work,”! respectively. Moreover, it
summarizes various indicators used in this work for character-
izing the performances of the different cases (details in
Sections 2.3 and 2.5).

2.1. System Model. 2.1.1. Design Considerations. The
MES plant was assumed to be installed in the Port of
Rotterdam and to have a lifetime of 30 years. It produces 99 wt
% hexanoic acid as the main product at a nominal production
rate of ca. 10 kt/y (at a continuous operation, 8760 h/y) and
ca. 22 kt/y of compressed O, as a byproduct. Its configuration
is described in Section 2.1.2.

2.1.2. Process Description. Figure la is a simplified block
flow diagram of the MES plant. Demineralized H,O is fed into
the anode chamber of the MES, and the byproduct, O,, is
produced. Demineralized H,0, CO,, Ca(OH),, and electrons
are supplied to the cathode chamber, where carboxylates and
the corresponding carboxylic acids are generated. The stream
is then sent to the DSP units for acidification, filtration,
recovery via two LLE units with distillation-based SR, and final
distillation-based dehydration to obtain the 99 wt % hexanoic
acid.

17238

2.1.3. Electricity Profiles. Two electricity profiles were
selected and used. One was constant grid electricity provided
at the plant’s nominal capacity. It was assumed to be sold to
the MES plant at the average industrial electricity price in The
Netherlands in 2019.%° The second profile was a hybrid IRE,
consisting of combined solar and wind power. This profile has
an hourly resolution and was generated based on the wind
speed and solar radiation in the region of Rotterdam in 2019.
As a design condition, the average hourly capacity of the
hybrid farms (i.e., solar and wind farms) was set at 200% of the
nominal hourly electricity consumption rate of the MES plant.
The Supporting Information (SI) explains how the profile was
generated and its corresponding pricing scheme.

2.2, Case Specification. 2.2.1. Case A. This is the first
reference case where the plant was powered by constant grid
electricity and operated at its nominal conditions, and no
buffering unit was installed.

2.2.2. Case B. This is the second reference case, where the
plant was driven by hybrid IRE while no buffering unit was
deployed. For the operation of the plant, it was assumed that
when the available electricity from the hybrid farms could not

https://doi.org/10.1021/acs.iecr.4c01385
Ind. Eng. Chem. Res. 2024, 63, 17236—17251
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enable the production at the plant’s minimum tolerable
throughput rate, which is 70% of its nominal capacity, the
plant was shut down. On the other hand, if the available
electricity was higher than the plant’s maximum tolerable
electricity load, which is 100% of its nominal capacity, the
production was kept at its maximum capacity and the surplus
electricity available (the amount of electricity that exceeds the
plant’s nominal electricity consumption rate) was not used.

2.2.3. Case C. This is an explorative case where the plant
was driven by hybrid IRE, and a BESS was installed before the
MES unit (Figure la). The plant’s operating scheme was
predefined, and the BESS capacity was varied.

Based on the range of tolerable capacities mentioned for
Case B, at each BESS capacity studied, the plant’s operating
scheme was defined by the following sequential rules
(schematically depicted in the SI).

(1) When the total electricity available from the hybrid IRE
and the BESS does not reach the minimum tolerable
electricity power of the plant, which is 70% of its
nominal capacity, shut down the production of hexanoic
acid;

(2) otherwise, ensure the production at the plant’s minimum

tolerable throughput rate, if needed, with the stored

electricity from the BESS;

if the BESS is not fully charged and not used for
production, charge it. It is possible that the BESS is
charged while the production is off because of
insufficient electricity to reach the plant’s minimum
tolerable throughput rate;

3)

(4) if the BESS is fully charged, increase the production of
hexanoic acid using hybrid IRE directly up to the plant’s
maximum throughput rate, which is 100% of its nominal
capacity;

electricity that cannot be consumed (because the BESS
is fully charged and the plant is working at 100% of its

nominal capacity) is not used by the MES plant.

(8)

Moreover, we assumed that, (1) at the start of operation (t =
1), the BESS was already fully charged; (2) the BESS could be
charged or discharged up to its full capacity within 1 h; (3)
consistent with ref 21, for each equipment, the material flow
rate was linear to the electricity consumption rate. As
measured in ref 21, the consumption rate of utility (ie.,
heating and chilling) was nonlinear to the material flow rate
due to the penalties for deviating from the nominal operating
conditions.

2.2.4. Case D. In this explorative case, the plant was driven
by the hybrid IRE and a ST was implemented in front of the
SR1 (Figure 1a) to decouple the more flexible section (i..,
units prior to the ST) from the less flexible section (i.e., units
after the ST) of the process. This location was proposed based
on the fact that the heat-based columns were limiting
fluctuations handling and SR1 is the first heat-based column
in the plant.”’ The plant’s operating scheme was predefined,
and the ST size was varied.

Based on the range of tolerable capacities of Case B, at each
ST size studied, the plant’s operating scheme was specified by
the sequential rules below (schematically depicted in the SI):

(1) when the electricity available from the hybrid IRE and
the intermediate chemicals stored in the ST together
cannot enable the plant’s minimum tolerable throughput
rate, shut down the production;

17239

(2) otherwise, ensure the production at the minimum
tolerable throughput rate of the plant, if needed, with
the stored intermediate chemicals from the ST;

(3) if the ST is not fully filled and the intermediate
chemicals stored inside it are not used for production, fill
it. It is possible that the production is off due to
insufficient flow going to SR1, however, the MES can
consume electricity and the intermediate chemicals
produced are stored in the ST;

(4) when the ST is fully filled, increase the production
without using the stored chemicals from the ST until the
plant’s maximum throughput rate, which is 100% of its
nominal capacity;

(5) electricity that cannot be consumed (because the ST is
fully filled, and the plant is working at 100% of its
nominal capacity) is not used by the MES plant.

Note that the intermediate chemicals stored in the ST could
essentially be seen as “stored electric energy”, which was the
electricity available from the hybrid farms previously and used
by MES to generate product compounds and then stored in
the chemical bonds.

Moreover, we assumed that, (1) at the start of operation (t =
1), the ST was already fully filled; (2) the ST could be filled or
drained up to its full capacity within 1 h; (3) same as the third
assumption for Case C; (4) electricity was all consumed by the
more flexible section of the process and utility was all
consumed by the less flexible section of the process for
simplicity, which was supported by the results in ref 21, where
only 1.5% of electricity was consumed in the less flexible
section and only 1% of the utility was used in the more flexible
section. See the SI (Section 6) for a check of this hypothesis.

2.2.5. Case E. In this last case study, the plant was driven by
hybrid IRE and a BESS and a ST were implemented at the
same plant locations as in Cases C and D, respectively. This
case study aimed to understand if the two buffering units
would have synergies and further promote the production
quantity of hexanoic acid and the economic performance of the
plant. Since storage tanks are usually much cheaper than
batteries, we explored the potential advantages of deploying a
BESS in addition to a ST of the size that yielded the best
economic performance in Case D, to assess if the BESS unit
can enable extra hexanoic acid production to pay back its
capital costs and even improve the operating income.

First, we calculated how much extra production of hexanoic
acid was required per year “MC6AM” to pay back each GJ/h of
BESS implemented when the ST was already in place. Then,
we calculated how much extra production per year “MCGA,xa”
was available per GJ/h of BESS implemented in addition to
this ST (see equations in Section 2.3.4).

The operating scheme when BESS and ST were
implemented concurrently was also predefined. This scheme
was based on the assumption that the BESS should be used
more frequently so it could consume more electricity (that
otherwise will not be used) to boost the production of
hexanoic acid.”’ At each BESS capacity studied, the plant’s
operating scheme followed the sequential rules below
(schematically depicted in the SI):

(1) when the electricity available from hybrid IRE, the
stored electricity in the BESS, and the intermediate
chemicals stored in the ST cannot enable together the
plant’s minimum tolerable throughput rate, the
production is shut down;

https://doi.org/10.1021/acs.iecr.4c01385
Ind. Eng. Chem. Res. 2024, 63, 17236—17251
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(2) otherwise, ensure the production at the plant’s minimum
tolerable throughput rate, if needed, with stored
electricity from the BESS and/or the stored chemicals
from the ST;

(3) if the ST is not fully filled and the intermediate
chemicals stored inside are not used for production, fill
it. It is possible that the production is off due to
insufficient flow going to SR1, however, the MES can
still consume electricity and the intermediate chemicals
produced can be stored into the ST. When the ST is full
and the first rule still cannot be achieved, the BESS can
be charged;

(4) when the ST is fully filled, increase the production of
hexanoic acid without using the stored chemicals from
the ST until the plant reaches its maximum throughput
rate, i.e,, 100% of its nominal capacity. If the hybrid IRE
does not reach 100% of the plant’s nominal electricity
load, stored electricity in the BESS shall be used. If the
hybrid IRE is over 100% of the plant’s nominal
electricity load, and the BESS is not fully charged,
charge the BESS;

(5) electricity that cannot be consumed (because the BESS
is fully charged, the ST is fully filled, and the plant is
working at 100% of its nominal capacity) is not used by
the MES plant.

The assumptions made are consistent with those of Cases C
and D.

2.3. Technoeconomic Evaluation. The process model
was first developed at nominal conditions and a continuous
operation in Aspen Plus.”' The mass and heat balances of the
process at different throughput rates were retrieved from
Aspen Plus and combined with a buffering unit, the hybrid IRE
profile, and an operating scheme by using Python scripts,
where the indicators described in this section were calculated.

2.3.1. Levelized Production Cost. The leveled production
cost of hexanoic acid (LCAcg,) is calculated using eqs 1-3.
Costs include capital expenditure (CAPEX) and operating
costs (OPEX). CAPEX of the plant is a sum of direct costs,
indirect costs, and working capital. Direct costs are the
purchase costs of all physical items, estimated based on the
Aspen process model. Values were retrieved from Aspen
Process Economic Analyzer v12, webpages, or the literature.
Indirect costs and working capital were estimated according to
heuristics®” " expressed as a series of percentages of purchase
costs. OPEX is classified into five categories: operation and
maintenance, feedstock, utilities (i.e, heating and chilling),
waste treatment, and electricity. Operation and maintenance
costs are associated with the purchased costs as well as labor
costs and were calculated according to the above-mentioned
heuristics. Feedstock and waste treatment costs were based on
mass balances and material prices. Utilities and electricity
prices were obtained from The Netherlands. A discount rate of
8% was assumed over the lifetime of 30 years. The plant would
depreciate over 30 years and a salvage rate of 3.3% of the initial
CAPEX was considered. Since the plant has a salvage value and
some equipment (i.e., LLE & BESS) will be replaced after 15
years, CAPEX varies along the time. The construction of the
plant was assumed to last for a year.

Considering that the byproduct O, was produced at a higher
quantity than hexanoic acid, an economic allocation between
hexanoic acid and O, was applied to both indicators (AFcg,).
The selling prices of hexanoic acid and O, were based on

literature.””*" More details about the economic inputs and
heuristics used are provided in SL

plant. CAPEXF + OPEX®
AFcep Zn— -
y=1 (1+r)y

k
LPCcep = I
n C6A
Zy=1 (1+r) (1)
OPEX* = 0 & M* + F* + UT* + wT* + E ()
A
AFE MC6A9C6A
C6A — . A A
Mceabcsa + Mo, 00, (3)

2.3.2. Load Ratio Range. The load ratio range (LRR) was
used to quantify the volume flexibility at the plant level. It was
defined in our previous work’' as the amount of available
electricity (unit: GJ/h) from the hybrid farms that the plant
could fully consume while meeting product requirements (i.e.,
purity and recovery rate) without damaging the equipment,
divided by the plant’s nominal electricity consumption rate
(unit: GJ/h). Hence, the boundaries of the LRR are expressed
in percentages, and a precision of 1% was used. The formulas
for calculating the LRR (see eq 4) were proposed in our
previous work”" and are slightly modified and briefly explained
below with the help of Figure 1b.

First of all, the LRR is calculated using the power profile and
outcome operating profiles over a year with a time resolution
of one h (i.e, 8760 h). In the first step, based on the annual
power profile of the hybrid farms “P;”, at each power “v”
generated by the farms, the total number of hours were
counted together using an Iverson bracket (see eq 4). Then,
based on the resulting operating profiles of the plant, the
number of hours were counted at each electricity power “v” if
the plant can meet two expectations simultaneously: (1) fully
consume the available electricity “Jin® + J& = v = P*” from the
hybrid farms and (2) produce hexanoic acid “X* > 0.7X,” (0.7
is explained in the following para%raph). Next, at each
electricity power, a percentage of “C;” was calculated using
the two counts. This percentage represents how frequently the
plant can be operated with the two expectations met when the
electricity power is “v”. This percentage is denoted as the
coverage percentage hereafter. If the coverage percentage is
100% at a particular “v”, it means that the plant can always
operate as expected when “v” is supplied from the hybrid
farms. Finally, a continuous range of electricity power was
identified, where the corresponding coverage percentages were
all 100%.

LRR* = [min V¥5, max V¥p] )
s.t.

T=[1,8760] N Z

ck = Zeerl/inf+JE=v=P{ X{= 0.7X,]
v SeerlPi=v]

v
Vis = 7, 1v<min Cuefu ) = 100%)

Yve P¥

v
VII‘}B = {]_o|v>]"’a"’c’év'6|]max,v| =100%}

The LRR of Cases A and B was [70%, 100%] based on ref 21.
It means that during any hour in which the available electricity
from the hybrid farms was between 70 and 100% of the
process’s nominal electricity consumption, the plant could take
in all the available electricity while safely producing hexanoic
acid. Below 70%, there was an electricity shortage, and the
plant had to be shut down. Above 100%, without a BESS or
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ST, the surplus electricity available from the hybrid farms
could not be used by the plant.

2.3.3. Total and Surplus Electricity Consumption. Total
and surplus electricity consumptions were distinguished. Both
are cumulative indicators and are expressed as percentages.
During the calculation, both numerators and denominators
were summed per annum or by specific available electricity
power generated by the hybrid farms. The detailed
explanations are as follows. The total electricity consumption
“ECL,” is the electricity taken in by the plant “Jinf + & divided
by the available electricity power from the hybrid farms “P{”
(see Figure 1b). The surplus electricity consumption “ECIS‘PI”
focuses on the plant’s surplus electricity consumption “Jinf + J&
— J,” and the surplus available electricity “Pf’ — J.” from the
hybrid farms. “J,” is the nominal electricity load of the plant.
Equations 5 and 6 show how these two indicators are summed
per annum “T”, respectively. Equations 7 and 8 show how
these two indicators can be summed by a specific available
electricity power generated by the hybrid farms “v”,
respectively.

k _ ZeerJinf+/E _ ©)
ECoy==5 """~ T=I18760InZ

ko M — (6)
ECou =5 pisiar . T =[18760In2

Kk _ Zeer vlJint+]E=Pil=v] H %)
ECy= Seer vIPi=v] Yv € Py
ECk = Leer(v=Jo) Uinf+/E=Pf'=v>/,] ®)

spl Seerw—] )P =v>],]

2.3.4. Extra Production Required and Available. As
mentioned in Section 2.2.5, two extra indicators were specially
used for Case E. The extra production required “MC(,A,H” was
calculated using eq 9. The capital cost of the BESS was
annualized to the equivalent annualized cost (EAC) using eqs
10 and 11. The extra production available “McsA,xa” was
calculated based on the extra electricity the BESS can consume
when the ST was already deployed. The extra electricity that
the BESS could consume from the hybrid IRE was calculated
when applying the operating scheme in Section 2.2.5. Then, it
was translated into “MCGA’xa” using eq 12.

EACBESS +0& MBESS

Mesa = minLPCD. . — (FA+ wT* + B + UTY)
oA M ©)
;  CAPEX'
EAC = ~—
@ (10)
1- ——
P (147
= (11)
. Extra electricity consumed by the BESS
MC6A,xa = ]
A
X Mcea (12)

2.4. Optimization Problem. The MIQCP problem was
coded in Pyomo">" and solved with Gurobi.** In light of the
large problem size, a tolerance of 0.1% was imposed on the
lower and upper bounds. The problem was solved in a high-
performance computer.”” A memory size of 1.2 TB was
requested for this optimization. It took ca. 18 h to find the
globally optimal solution.

2.4.1. Objective Function. This optimization aims to find a
maximum ANPq¢, instead of the maximum LPCgq, to
circumvent the nonlinear form of the objective function.
ANP, is defined by the annual revenue upon hexanoic acid
subtracted by the OPEX and EACP™ allocated to hexanoic
acid; see eqs 13—15. The annual revenue is the product of the
yearly production quantity and market prices of the main
product.

ANPgs = OcoaMcen — AFcep (EACP™ + OPEX) (13)

- . WC
EACP™ = )" EAC' + ——
0 o* (14)
1
]‘ - plant
plant _ (1+r)
r (15)

The optimization variables were the scheduling profile and the
size of the buffering units. The scheduling profile is composed
of electricity stored into the BESS “Jin,”, electricity from the
hybrid farms that is directly consumed by the plant excluding
the BESS “J;”, intermediate chemicals stored into the ST
“Lin{”, intermediate chemicals directly sent to the DSP from
the MES “L”, and intermediate chemicals sent to the DSP
from the ST “Lout;” (see in Figure 1b). The size of buffering
units were “Vyges” and “Vgy”. Therefore, the objective function
(i.e., eq 16) could be formulated based on eq 13 as

Ocon 2y XI' = ARy (BACP™ + OPEX")

F n};laxF F F
VBESS'VSTJint ’It ,Ling, Ly, Lout; , X teT

VteT T=[1,8760]NnZ (16)

where all the variables are continuous.

2.4.2. Constraints. The electricity consumption rate (of the
more flexible section of plant) “Jf + Jout,” (GJ/h) was between
0 and its nominal rate “J,” (GJ/h); see eq 17. The throughput
rate of the DSP “Lf + Lout’” (m?/h) should be between 70
and 100% of its nominal rate “L,” (m>®/h) or shutdown of the
production “L{ + Lout; = 0”; see eq 18. Moreover, the
electricity consumption rate of the whole plant “J; + Jin;” (GJ/
h) cannot be larger than the power supply “P{”” (GJ/h) or the
plant’s nominal capacity “J,” (GJ/h); see eq 19. Time spent for
ramping, starting up, and shutting down were neglected.

0<J +Jouty <] VteT (17)
L + Lout’
07<—+——L<1VL +Lout; =0 V¢teT
LO
(18)
0<J/+Jin] <P VteT (19)

Since eq 18 is a disjunctive constraint that can increase
computational demand, a binary variable y, was introduced to
define this constraint, which is the only binary variable in this
optimization; see eq 20.
F F

Vtﬁﬂﬁ% yE{0,1} VteT
L, (20)

Two adjacent pieces of equipment should have the same load
ratio. Taking into account that for each equipment its
throughput rate is linear to its electricity consumption rate,
the equations can be written as eqs 21 and 22

0.7
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Figure 2. Product system. MES: microbial electrosynthesis. SR: solvent regeneration. LLE: liquid—liquid extraction.

J; +Jout)  LF 4 Linf

VteT
J, 0 (1)
Lf+Loutf=X_f vieT
L, o (22)

Further, it was assumed that at ¢ = 1 the ST was full. Therefore,
the cumulative quantity of the intermediate stream stored into
or used from the ST at any time “t” should not exceed the
maximum capacity of the ST “Vg;”; see eq 23. The same
rationale was applied to the BESS as in eq 24.

t
—Ver < ) (Linf + Lout/) <0 VteT o)
1 23

t
—Vipss < D, (Jin + Jout’) <0 VteT on
1

Moreover, filling “Lin{” or draining “Lout;” the ST could not
occur simultaneously. The same applies to the BESS.
Equations 25 and 26 exhibit nonlinearity. Usually, it can be
avoided by introducing binary variables and combining them
with the prefixed capacities of the buffering units.”” However,
the capacities of BESS and ST were also variables in this
context. Hence, the nonlinearity of eqs 25 and 26 was kept.

LinfLoutf =0 VteT (25)

JinjJout; =0 VteT (26)

2.4.3. Cost Functions. Equation 27 shows a general example
of a cost function of storage tanks. Unlike “CAPEX"**%”, which
is usually linear to the BESS capacity, “CAPEX®"™ presents a
nonlinear relation to the size of the ST “Vi”.”’ 7 This
eventually introduces nonlinearity into the objective function.
Therefore, underpinned by the results of the explorative case
studies, the range of possible optimal size of ST could be
narrowed down, and eq 27 could be linearized to eq 28. “a”,
“B7, N, “n”, “@”, and “€” are constants (exact values can be
found in SI)

CAPEXST

a(p + AVer") (27)

CAPEXST

=wVgr + €

(28)

Moreover, for the “OPEX”, as shown in ref 21, nonlinearities
exist between the utility consumption and production rate of
hexanoic acid because of the penalties in utility usage due to
flexible operation. This nonlinear relation would introduce
another binary variable into the optimization, enlarging the

optimization size and slowing down the calculation. Therefore,
given that the penalties in utility consumption were negligible
compared the plant’s total consumption, the utility cost was
linearized to the production rate based on the plant’s nominal
conditions (see eq 29).

F
z:teT Xt

OPEX" = (E* + F* + wr* + UT?) o
t

teT

+0&M' VvierT (29)

2.5. Carbon Footprint Accounting. 2.5.1. Goal and
Scope Definition. A cradle-to-gate system boundary was
chosen. The global warming potential (GWP) was evaluated
for Cases A and B (reference cases) and F (optimized case).
Carbon emissions related to facility and infrastructure were
neglected in this work, assuming that the capital goods only
account for a small portion of carbon emissions.

2.5.2. Functional Unit and Allocation Method. The
functional unit selected was 1 tonne of hexanoic acid
produced. As oxygen was also produced, and to be consistent
with the technoeconomic assessment, an economic allocation
of emissions was used.

2.5.3. Product System. Figure 2 depicts the product system.
The foreground system comprises three activities: CO,
capture, CO, transport, and the hexanoic acid production.
The CO, capture activity was not simulated in this work. It was
assumed that the MES plant was located in the Port of
Rotterdam, which is the initiator of a CO, transport and
storage project — Porthos. Additionally, the leading CO,
emitter in the Porthos project are integrated oil refineries.*’
Hence, it was assumed that the CO, capture facility was placed
at these emission points. CO, is separated from the
postcombustion flue gas by chemical absorption using
monoethylamine (MEA)."” Therefore, in the foreground
system, the CO, capture activity consists of amine scrubbing,
CO, compression, and waste treatment (nonrecycled solvent
and water). After CO, is purified and compressed at the
emission points, CO, is transported using the CO, network at
the Port of Rotterdam. It is assumed that the MES plant can
source purified and compressed CO, on demand from the
pipeline network. Emissions from the pipeline transport of
CO, were neglected. Moreover, it was assumed that the CO,
conditions after transportation fulfilled MES unit requirements
(ie., no further CO, purification unit was needed in the
plant).***

The end use of the products and solid waste generated in the
foreground system was outside the system boundaries of this
study. The reason for making this assumption for the solid
waste was that it is mainly CaHPO, and can be recycled and
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treated for biomedical applications.”® Meanwhile, the back-
ground system consists of the production of the solvent, other
chemicals, and heating (incl. chilling) energy, electricity,
infrastructure, and transport. Note that emissions from the
original source of CO, were not included, assuming that the
carbon emissions incurred during the production of flue gas are
100% allocated to the target products of the oil refineries.”’

Process data of hexanoic production were taken from the
resulting mass and energy balances of the Aspen process
model. Process data of CO, capture was retrieved from."”*>
The emission data of background system and elementary flows
were retrieved from Ecoinvent™ via SimaPro. Note that there
are no data for Ca(OH), and trioctylamine (TOA). Therefore,
similar chemical or solvent were used as analogous. Complete
process data and life cycle inventory data are presented in the
SL

2.6. Sensitivity Analyses. In the economic sensitivity
analysis, the influence of five parameters on the LPCggy was
analyzed for the optimized Case F, as listed in Table 2. A

Table 2. Input for Economic Sensitivity Analysis®

low high
CAPEX of MES, CAPEXMES (M€) x10% Xx200%
CAPEX of LLE, CAPEX"'E (M€) x10% Xx200%
CAPEX of ST, CAPEXST (M€) x10% x200%
selling price of hexanoic acid, Ocs, (€/kg) -1 +1
interest rate, r —-0.05 +0.05

“Low and high inputs were obtained by multiplying a factor or adding
or subtracting a value based on the initial inputs.

second sensitivity analysis was carried out to investigate the
impact of the carbon intensity of the electricity grid and utility
on the GWP in Cases A and F. It was assumed that the future
electricity grid and utility would be defossilized by 90%. A
third sensitivity analysis was done on the allocation method of
GWP for Cases A, B and F. Mass allocation was applied.

3. RESULTS AND DISCUSSION

3.1. Reference Cases. The annual production in Case A
was 10 kt/y, and the resulting LPCc4, was ca. 4.0 €/kg. In
Case B (see Table 3), as no storage was deployed, the plant’s
volume flexibility remained as [70%, 100%]. As a result, the
plant was shut down 2678 h. The drop in annual production
was over 30%, and LPC4, was penalized by 19%.

3.2. Explorative Case Studies. 3.2.1. Cases C and D. The
key results are summarized in Table 3 and Figure 3. In Case C,
where a BESS was implemented, a capacity of 1666 GJ/h
(=463 MW) was sufficient to manage the periods with
electricity shortage (Case B), implying a LRR of [0%,100%]
for the whole plant during a year. The resulting production of
hexanoic acid was 8.43 kt/y. This corresponds to 83% of the
amount produced in Case A. In Case D, where a ST was
installed, a size of 1964 m® was necessary to enable production
without shutting down the plant. The resulting production of
hexanoic acid was 8.02 kt/y, 80% of the nominal production.
The difference between 8.43 kt/y in Case C and 8.02 kt/y in
Case D was caused by the fact that batteries can store surplus
electricity to promote the overall production (electricity
consumptions higher than the equivalent to 100% plant
load) while storage tanks are limited by the 100% plant load.
According to the LPCcgy results, the plant with a ST was
economically favored even though it produced less hexanoic

Table 3. Results of Cases A to D

A B
LRR* - [709%,
100%)]
production shutdown time per year (h/y) 0 2678
hexanoic acid production (kt/y) 10.12  6.73

levelized production cost of hexanoic acid LPCgy ~ 3.96 4.70
(€/kg)

C (plant with a D (plant with

BESS) a ST)
buffering capacity to fully eliminate 1666 GJ/h 1964 m?
shutdown (=463 MW)
hexanoic acid production when no 8.43 8.02
shutdown (kt/y)
LPCkg, when no shutdown (€/kg) 21.10 4.74
min LPCkg, (€/kg) 4.67 4.38
sizes of buffering unit 12 GJ/h 43 m®
(=3.3 MW)
production shutdown time (h/y) 1954 989
hexanoic acid production (kt/y) 7.30 8.01
ECY; per annum 65% 72%
ECIS‘PI per annum <0.01%

“BESS: battery energy storage system. ST: storage tank. LPCcga:
leveled production cost of hexanoic acid. ECy: cumulative electricity
consumption. ECg,: surplus electricity consumption.

acid. This was due to the big difference in the CAPEX between
a ST and a BESS. Furthermore, compared to Case A (see
Table 3), the LPCq4, values of Cases C and D were still
considerably higher.

The trends and values of annual production, annual
shutdown hours, and cumulative electricity consumption per
annum as the sizes of both buffering units increase were similar
between Cases C and D (Figure 3). The increase or decrease
of these three indicators plateaued when the size of buffering
units was around 40 GJ/h (=11 MW) or 40 m’, respectively.
The plateaued production quantity was about 8 kt/y, 80% of
the nominal production, and close to the production generated
when the shutdown time was fully eliminated. The annual
shutdown hours were reduced from 2678 to mearly 1000. The
total electricity consumption per annum reached nearly 72% of
total electricity available from the hybrid farms. In Case C, see
Figure 3, the lowest LPCGg, achieved using a BESS was slightly
lower than 4.7 €/kg, with a corresponding BESS capacity of 12
GJ/h. On the other hand, in Case D, the lowest LPCZ,
achieved using a ST was 4.4 €/kg, with a corresponding ST
volume of 43 m>. It can be seen that even when the installed
capacity of BESS was 50 GJ/h, the value of surplus electricity
consumption was less than 0.3%. This result showed that the
BESS was hardly used for storing surplus electricity, which
should have been its advantage over a ST.

It can be concluded that a ST was a less expensive and
equally effective buffering choice over a BESS. With an
optimized scheduling, a ST should be used more efficiently to
boost the production, the range of the variable “V¢;” in the
optimization problem being smaller than 43 m? as shown in
Figure 3.

3.2.2. Case E. Using the results in Case D as a starting point,
Figure 4 shows the extra production of hexanoic acid required
to pay back the cost of the BESS installed when a ST of 43 m®
was installed. It was clear in Figure 4 that when such a ST was
operated following the schemes explained in Section 2.2.5,
making the BESS larger would not generate enough extra
production to pay back its capital cost (Figure 4). According to
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hexanoic acid available per GJ/h of BESS installed in addition to a ST
of 43 m*.

the resulting operating profile of the BESS, the BESS was
charged for 694 h and discharged for 716 h in a year. In the
rest of the time, the BESS was not used. This could be a
particular result of the electricity profile selected in the
Rotterdam area and farms’ size used in this case study, together
with the size of the MES plant and BESS. Hence, in this
context, the attempt to use BESS as much as possible for
boosting the production failed; we could not equal 100% plant
load during the whole year.

3.3. Optimized Case — Case F. Underpinned by the
results of the explorative case studies, the optimization
problem focused on the sizing and scheduling of the use of
the ST only, and the BESS-related components (.., “Jinl”,
“Jout;”, and “Vipes”) were not considered in the optimization.

The obtained optimal size of the storage tank was 35 m?>.
The technoeconomic results of the optimized case (i.e., Case
F) are summarized in Table 4. Cases A and B and D-ST35 and
D-ST43 were used for comparison. D-ST35 is the subcase of
Case D when the ST is 35 m’ while D-ST43 is another
subcase of Case D when the ST is 43 m® The following
paragraphs compare and discuss these cases per indicator.

3.3.1. Shutdown Time and Production Quantity. In Case
F, the plant’s production shutdown time was 1152 h per year,
which was more than halved upon Case B but still noticeably
longer than in Case D-ST43 and especially Case D-ST3S.
However, the production quantity in Case F was slightly
improved compared with Case D-ST35. This result proved
that under the investigated conditions, a longer production
shutdown time does not necessarily lead to less product or
revenue. This finding can be explained by Figure S and
electricity consumption conditions discussed in Section 3.3.3.
Figure § is a snapshot of 24 h showing the available electricity
from the hybrid farms and how Cases D-ST35 and F

consumed the electricity for hexanoic acid production. The
Y-axis values for Cases D-ST3S and F represent the sum of
available electricity directly from hybrid farms and “stored
electric energy” consumed in that specific hour (i.e.,
corresponding x-axis value). What is different between the
two cases was that, in Case F, the production was more often
promoted as soon as possible instead of being kept at 70% of
the nominal production rate.

3.3.2. Load Ratio Range. Figure 6a shows the results of
coverage percentage, how frequently the plant can be operated
while consuming all the electricity supplied by the hybrid farms
and producing hexanoic acid when the power supply from the
hybrid farms is below 70% of the plant’s nominal electricity
consumption rate. The red dashed line marks the lower
boundary of LRR. Left to this line, the plant cannot always use
all the electricity supplied while producing hexanoic acid at the
same time. In Case F, when the electricity supplied from the
hybrid farms was between 60 and 100% of the plant’s nominal
electricity consumption rate, the plant could always use all the
electricity supplied while safely producing hexanoic acid that
meets requirements. The lower boundary of the LRR for Case
F was lower than those for Cases D-ST35 and D-ST43. This
was related to the steep slope in Case F when the electricity
power was between 53 and 60% of the plant’s nominal
electricity consumption rate (see X-axis), and the coverage
percentage dropped from 100 to S3% (see the left Y-axis).
Given that in Figure 6b, the electricity consumption conditions
for the three cases were similar when electricity power was
between 53 and 60% of the plant’s nominal electricity
consumption rate, the slope in Case F shown in Figure 6a
indicates that the plant shut down production more frequently
than kept producing by using the intermediate chemicals
stored in the ST. Such a slope was not found in either Cases D-
ST3S or D-ST43, where the operating scheme was
predetermined. This suggests that strategically shutting down
production when facing larger shortages and bridging smaller
shortages would enhance the volume flexibility of the plant.

3.3.3. Electricity Consumption. In Case F, the total
electricity consumption per annum was 66%. Compared with
Case D-ST35, it was enhanced by 2.2%. Meanwhile, it was only
0.4% lower than that in Case D-ST43, which is an insignificant
decrease. Since the plant with a ST would never consume
electricity beyond its nominal electricity load, the difference in
total electricity consumption resulted from the consumption
when the ratio of available electricity from the hybrid farms
and nominal electricity consumption was below 70%. The total
electricity consumption summed by different electricity loads
below 70% is shown in Figure 6b. It can be deduced that a
smaller ST with better scheduling could perform reasonably
well compared with a larger ST operating under a specific
predefined operating scheme, which was an educated guess
based on the results of volume flexibility of the reference case.

Table 4. Comparison of the Cases”

A B
shutdown time per year (h/y) 0 2678
hexanoic acid production (kt/y) 10.12 6.73
LPCkg, (€/kg) 3.96 470
LRRF - [709,100%]
ECY, per annum 100% 60.3%

D-ST3$ D-ST43 F
1075 989 1135
7.96 8.01 8.00
4.39 4.38 4.37
[709,100%] [67%,100%] [60%,100%]
63.8% 66.4% 66.0%

“LRR: load ratio range. LPCgy: levelized production cost of hexanoic acid. ECy: total electricity consumption.
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Since the production quantity was highly associated with the
electricity consumption conditions, the results here confirm
the finding in Section 3.3.1 that a longer production shutdown
did not necessarily result in lower production.

3.3.4. Levelized Production Cost. The LPCgg, is 4.4 €/kg,
which is lower than in Case B but is higher than in Case A as
well as the current market price of hexanoic acid (i.e., 2.5—4.2
€/kg"”). Unexpectedly, LPCEg, is similar to LPC2:% * and
LPC2ST™. The reasons are the minor increment in production
quantity and the moderate decrease in the storage tank size.
The breakdown of LPC2¢,, LPC2,, and LPCL¢, is shown in
Figure 7a. When Cases B and F are compared with Case A, the
total amount of capital cost related items (i.e, CAPEX and

17246

O&M) increased while the total amount of operation related
items (i.e., the rest items) decreased. The trend was reversed
when comparing Case F to Case B. This indicates that, shifting
from constant electricity supply to hybrid IRE leads to less
output and thus less revenue and eventually a higher sunk cost
in the capital items. Implementing a ST helped reducing the
impact, though to a minor extent.

3.3.5. Carbon Footprint. As can be seen in Figure 7b, Cases
B and F exhibit similar GWPs, around 5.3 t of CO,eq/t of
C6A, which indicates that the impact of linearization of utility
consumption on GWP is negligible. Moreover, Figure 7b
shows that the GWP of Case F was 2.8 times lower than that of
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Case A, which is credited to the coupling between the MES
plant and hybrid IRE.

In all three cases, the CO, capture process led to an emission
of 1.0 t CO,eq/t C6A. Since the CO, used for hexanoic acid
production as feedstock was 2.2 t CO,/t C6A, the carbon
intensity of capturing CO, is up to 0.4 t CO,eq/t CO,
captured. However, in Case A, the CO, capture process was
only responsible for 7% of total emissions, while in Cases B
and F, it constituted 19% of the total emissions as a result of
the change in electricity source. In Case A, the highest share of
emissions were attributed to electricity generation, utilities
generation, and other chemicals’ syntheses. In both Cases B
and F, the three largest contributors were utilities generation,
production of other chemicals, and electricity generation. This
was due to the energy-intensive nature of the DSP and the use
of fossil-based chemicals and solvents.

3.3.6. Sensitivity Analyses. 3.3.6.1. Economic. The results
of the economic sensitivity analysis are shown in Figure 8a.
The impact of changes in parameters on LPCg, were almost
linear to the changes in the variables, except for the CAPEXES
and Oc4s. This is caused by the resulting positive operating
income and the consequent tax. CAPEX™*$, makes up 50% of
the CAPEX of all equipment. Therefore, lowering its cost not
only reduced the initial capital expenditures of the plant but
also the annual O&M. This, in turn, increased the annual
operating income, which became positive. It was similar for the
Ocea- The original 044 was not sufficient for the plant to
achieve a positive operating income. As the selling price
increased and thus the revenue increased, the plant’s operating
income turned positive. In both situations, the resulting
operating income fell in the high-tax range in The Netherlands
(see SI for tax details). As a result, the operating costs
increased, and the LPCgg, became higher than expected. This

—— Case A - grid electricity

Case A - heat

() — CaseF- grid electricity = —— Case F - heat

2
0] === e
2
4
-6
-8
-10 4

Carbon footprint
(t COzeq/t C6A)
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Figure 8. (a) Results of the economic sensitivity analysis. CAPEXMES;
capital cost of the microbial electrosynthesis unit. CAPEX"'E: capital
cost of the liquid—liquid extraction units. CAPEX®": capital cost of
the storage tanks. fcga: selling price of hexanoic acid. r: interest rate.
(b) Sensitivity analysis on the carbon intensity of grid electricity and
utility (incl. chilling energy). (c) Change in carbon footprint from
original results that used economic allocation versus mass allocation.

change induced by tax did not occur with the CAPEX"¥,
because its decrease was not enough to enable a positive
operating income.

3.3.6.2. Carbon Footprint. The results of the sensitivity
analysis on the emission intensity of grid electricity and utility
in Cases A and F are shown in Figure 8b. Case A was more
sensitive to the changes in emission intensity of grid electricity
while Case F was more sensitive to that of utility energy. In
Case A, only grid electricity was supplied throughout the
supply chain, which was the highest emitter. Hence, it makes
sense that decarbonizing the grid electricity posed a higher
impact. In Case F, utility, which was generated from natural
gas, emitted the most. Electricity consumed in the MES plant
was already from renewables and thus provides less
opportunity for further decarbonization. Therefore, the
observation from this sensitivity analysis, again, suggested
that electricity should no longer be seen as a defossilising focus
if further defossilisation is expected for a MES plant coupled
with hybrid IRE.
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Regarding allocation, using mass allocation instead of
economic allocation lowered the GWP by two-thirds based
on the GWP that was obtained with economic allocation (see
Figure 8c). In Case F, the GWP allocated to liquid oxygen
would change from 0.3 t CO,eq/t O, to 1.7 t CO,eq/t O,.
Note that the current GWP per tonne of liquid oxygen
generated by an air separation unit in Europe is around 0.6 t
CO,eq/t 0,>° Usually, with mass allocation, the technical
improvement of the technologies or processes that lead to an
increased mass ratio of the main products is more visible.”*
Nonetheless, in the MES plant, the mass ratio between
hexanoic acid and oxygen always remains the same. Therefore,
this advantage of mass allocation does not apply in this context.
On the other hand, mass allocation is more reliable when the
market price of the (by)products change over time.’*
Therefore, the employment of mass allocation will be sensible
if the amount of oxygen produced via MES becomes much
more indispensable in the market or if the prices of the two
products become more volatile over time.

4. CONCLUSIONS

This work has investigated how intermittency affects the sizing
of the buffering units and scheduling of a novel MES plant,
designed to produce 10 kt/y at continuous and full load, and
what the trade-offs are in terms of economic performance and
carbon emissions. First, explorative case studies were
conducted to simplify the optimization problem. Then, a
MIQCP problem was proposed to optimize the scheduling
profiles and the size of a ST, seeking the maximum ANP,.
Last, technoeconomic and environmental performances of the
optimized case, compared to relevant explorative case studies,
were assessed.

Concluding from the explorative studies, a storage tank was
found to be more economical than a BESS to buffer
fluctuations in available electricity from the hybrid farms
when the load was between 0 and 100% of the plant’s nominal
consumption rate. A BESS had a limited advantage in
consuming surplus electricity when the available electricity
supply from the hybrid farms was over 100% of the MES’s
plant nominal capacity. Additionally, the deployment of BESS
had a high impact on the CAPEX of the plant when its capacity
was larger than 12 GJ/h (=3.3 MW). Hence, an ST was in a
better position to foster the economic potential of the MES
plant. With the help of a ST of 43 m®, available electricity that
was below 100% of the plant’s nominal consumption rate could
be nearly completely used by the MES plant while the levelized
production cost of hexanoic acid was lowered compared to the
ST-free case. As a result, this work considered only the ST in
the optimization. The resulted optimal size of the ST was 35
m’.

When compared to the case where the operating scheme of
the ST was predefined, the optimal scheduling profile
suggested (1) the plant stops producing hexanoic acid and
store the intermediate chemicals when the available electricity
from the hybrid farms was below 60% of the plant’s nominal
electricity consumption and (2) the intermediate chemicals
stored to promote production should be used as soon as
possible. This practice also enhanced the volume flexibility,
expanding the load ratio range from [70%, 100%] to [60%,
100%]. However, the leveled production cost was not
significantly reduced, because both the reduction in CAPEX
and the increase in revenue were marginal. These indicate that
even with the cheaper solution-storage tanks plus additional

optimal scheduling, the flexibility and economic viability of the
MES plant could not be sufficiently improved due to the DSP
technologies. To make the MES technology more attractive for
flexible operation, it should be coupled with more flexible DSP
technologies or improved product concentration to circumvent
downstream processing with flexibility constraints, such as
distillation.

Moreover, even with an optimal size of ST and an optimal
scheduling profile, the MES plant powered with the selected
hybrid IRE was still less economically favorable compared to
the case when it was powered by a constant grid electricity.
However, from an environmental point of view, the MES plant
running on the hybrid IRE outperformed the MES plant with
constant grid electricity. The cradle-to-gate carbon emissions
became 2.8 times lower as the substantial amount of electricity
the MES demanded was replaced by hybrid renewable IRE.
The results show that using grid electricity is not an option
unless it is further decarbonized. Moreover, the impact of
penalties on energy consumption induced by flexible operation
was minor. The results also show that in the MES plant
powered by hybrid IRE, utility energy, solvent and other
chemicals were the major CO, emitters. To further defossilize
the MES-based system, utilities, solvents, and other chemicals
would need to be produced from nonfossil sources.

As for limitations, this study did not include ramping,
starting-up, and shutting-down procedures, and the assumed
charging and discharging rates of the BESS were highly
optimistic. Taking these factors into account may affect the
results for the BESS, because the stored electricity could
possibly be used to prevent the plant from being completely
shut down. The low potential for BESS was also compounded
by the fact that the electricity profile and pricing scheme were
highly specific, though reasonable. Perhaps the advantage of
BESS would be more visible under other pricing schemes”’ or
electricity profiles with a more alternating pattern. To enable a
more efficient optimization, the nonlinearities could be
linearized to avoid a large memory demand. Given the low
TRL of the technology, many hypotheses were considered in
the plant modeling. As the technology advances, the proposed
model of the MES unit and the plant should be updated, also
to incorporate operation under a variable electricity profile;
validation of operation under IRE in a lab or pilot plant setup
would be needed. Moreover, with the possibility to scale up the
global market of hexanoic acid due to future applications such
as blends for sustainable aviation fuels,” it is important to
investigate the environmental burdens of the full value chain. A
comprehensive life cycle assessment should be performed to
understand the environmental performances from a broader
perspective.
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B NOMENCLATURE

Vectors

C Yearly coverage percentage of shortage hours at an

available electricity power v,%

Lin, Intermediate chemicals stored into the storage tank at
time t, m®/h

Lout, Intermediate chemicals sent to the DSP units from the
storage tank at time f, m*/h

L, intermediate chemicals directly sent to the DSP from
the MES at time f, m®*/h

Jin, electricity stored in the BESS at time ¢, GJ/h

Jout, electricity discharged from the BESS at time ¢, GJ/h

T electricity consumption immediately used for hexanoic
acid production at time ¢, GJ/h

PH available electricity from the hybrid farms (i.e., wind and
solar) at time t, GJ/h

T time vector, 1—8760 h

v vector of hourly available electricity over hourly nominal
electricity consumption (for intermediate calculation),
%

X,  production of hexanoic acid at time t, kt/h

¥ binary variable

v

Symbols

electricity price, M€/y

feedstock price, M€/y

electricity consumption, GJ/h

mass flow rate at plant level, kt/y
total number of equipment

plant lifetime, years

discount rate, %

UT utility price at plant level, M€/y
available electricity power generated by the wind and/or
solar farm (time-independent), GJ/h

REEEE R Rl e

<

<
*

available electricity power generated by the wind and/or
solar farm (time-independent; for intermediate calcu-
lation), GJ/h

waste treatment price, M€/y

Integers

price, €/kg

annuity factor

statement inside the Iverson bracket

constant

constant

constant

constant

constant

constant

® e 2R B %Né

Superscripts

i type of equipment

k case number, from A to F
Subscripts

C6A hexanoic acid

LB lower boundary

max maximum value

min minimum value

0 nominal value
O, oxygen

t time, h

UB  upper boundary
y year

Xa  extra available
xr  extra required

Acronyms

AF allocation factor

ANP annualized net profit, M€/y
BESS  battery energy storage system
CAPEX capital expenditure, M€/y

DSP downstream processing
EAC equivalent annualized price, M€/y
IRE intermittent renewable electricity

LLE liquid—liquid extraction

LPC levelized production cost, €/kg

LRR load ratio range, %

MES microbial electrosynthesis

MILP  mixed-integer linear programming

MINLP mixed-integer nonlinear programming

MIQCP mixed-integer quadratically constrained program-
ming

O&M  operation and maintenance price, M€/y
OPEX  operating expenditure, M€/y

SI Supporting Information

SR solvent regeneration

ST storage tank

TD dehydration column
TOA  trioctylamine
wC working capital, M€
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