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Abstract

The demand-side contribution to grid frequency regulation is becoming increasingly important due to the growing penetration
of renewable energy in the power system. Among energy-intensive industrial loads, chemical plants have a high potential to offer
grid balancing services due to their existing control infrastructure and storage capabilities. However, applying fast ramp rates and
providing time-critical grid services is not straightforward due to strict constraints and the nonlinear dynamics of chemical systems.
Therefore, adaptive operating approaches are required to increase the process’s flexibility and facilitate the fast demand response
operation. This work proposes a flexible operating strategy for the cooperative operation of a Polymer Electrolyte Membrane (PEM)
electrolyser and multi-stage compression systems in a chemical process to provide Frequency Containment Reserve (FCR). This
strategy aims to realise the desired power regulation dynamics on the grid side while maintaining the reactor’s optimal operating
conditions, i.e., temperature, pressure and flow rate ratio. A techno-economic analysis is performed to obtain optimal operating
points. The techno-economic analysis shows that operating the process at a baseload of 73% while offering the remaining capacity
as a power reserve can create additional revenue and improve the economic profit by around 10%. The proposed approach is
validated by dynamic simulations of a Carbon Capture and Utilisation (CCU) process for formic acid production. The results show
that the proposed strategy can enhance the process’s operational flexibility and enable FCR provision with a limited impact on
reactor efficiency (<1%).
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Acronyms
AAR Acid to Amine Ratio
aFRR automated Frequency Restoration Reserve
BOP Balance-Of-Plant
BSPs Balancing Service Providers
CCU Carbon Capture and Utilisation
FCR Frequency Containment Reserve
FSPs Flexibility Service Providers
LNG Liquefied Natural Gas
mFRR manual Frequency Restoration Reserve
MPC Model Predictive Control
PEM Polymer Electrolyte Membrane
PI Proportional Integral
PMSM Permanent Magnet Synchronous Machine
RW Randles-Warburg
SCP Single-Cell Protein
TRL Technology Readiness Level
TSO Transmission System Operator
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Nomenclature
α Baseload factor
β Minimum capacity factor
δ f Frequency deviation
δP Power reserve
η Electrolyser partial load efficiency
ω Compressor speed
Ψc Compressor pressure ratio
Obj Objective function
Cdl Double-layer capacitance
E0 Standard electrode potential
Eel Electricity price
EFA Formic acid price
EFCR FCR price
f Grid frequency
Hp

2 Electrolyser hydrogen production
Iin PEM electrolyser current
k Droop constant
mnom Compressor nominal flow rate
mop Compressor operating flow rate
mr Compressor relative flow rate
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Pb Baseload power
Pe Operating power
Pmax Maximum capacity
Pmin Minimum capacity
Pnom Electrolyser nominal power
QFA Formic acid flow rate
Rct Activation losses
Rm Membrane ohmic losses
Rt Charge transfer resistance
T Period
t Time step
Va Anode activation voltage
Vc Cathode activation voltage
Vel Voltage drop across the PEM stack
Vm Membrane ohmic voltage drop
Za Anode impedance
Zc Cathode impedance
Zel PEM stack equivalent impedance
Zw Warburg impedance

1. Introduction

The transition towards a low carbon future has led to a
higher integration of renewable energy sources into the power
system. According to the European Green Deal, in line with
the Paris Agreement, the EU aims to increase the share of
renewable energy by at least 32% and reduce greenhouse gas
emissions by at least 40% (compared to 1990 levels) by 2030
[1]. Although the increased share of renewable energy sources
in the energy system mitigates the CO2 emissions, it introduces
new challenges to the power system management due to the
intermittent, non-dispatchable nature of renewable energy [2,
3]. The higher dependency on renewables reduces the system
reliability, i.e., stability and security, and increases the load
on fossil-based power plants to balance the supply-demand
mismatches [4]. Therefore, a new dynamic equilibrium with a
higher degree of flexibility is required to ensure the power grid
robustness and accommodate higher levels of renewable power
generation.

The electrical demand side can provide flexibility by
adjusting the load pattern based on grid requirements. Energy-
intensive industrial processes with high specific electricity
costs, i.e., electricity costs per gross value added [5], are the
prime candidates for demand-side integration. The industrial
sector flexibility has been primarily studied for the price-based
demand response programs, in which the plant operation is
scheduled based on the electricity price variation. The price-
based demand response has been applied in different industrial
applications such as steel furnaces [6], chlorine production
[7], ethylene oxide production [8], air separation units [9, 10],
cement plants [11], pulp mills [12], and glass furnaces [13].
Although the price-based demand response indirectly helps the
Transmission System Operator (TSO) to maintain the balance
between supply and demand, there is an increasing need for
fast demand response programs such as frequency regulation.
Therefore, a continuous response of the industrial loads is

needed on a time scale of tens of seconds to tens of minutes to
actively support the power system. In Europe, the TSOs offer a
full spectrum of frequency ancillary services, including inertial
response, Frequency Containment Reserve (FCR), automated
Frequency Restoration Reserve (aFRR), and manual Frequency
Restoration Reserve (mFRR). These services can be provided
by a major electricity consumer, supplier, or trader known
as Balancing Service Providers (BSPs) or Flexibility Service
Providers (FSPs).

In [14], it is shown that aluminium smelters, Liquefied
Natural Gas (LNG) plants, cement processing plants, and
greenhouses could be successfully integrated into the power
system by providing aFRR. In [5, 15], the technical potential
of energy-intensive industries is studied for mFRR provision
in Germany. It is shown that electric arc furnaces, chlor-
alkali electrolysis, aluminium electrolysis, and cross-sectional
technologies such as mills, pumps and compressors can provide
an adequate flexibility margin for demand response. In [16],
a decentralised control algorithm is developed and tested to
regulate the power input of bitumen tanks based on grid
frequency variations. A dynamic load control system is
implemented for the even distribution of on/off switch actions
amongst all tanks. Therefore, the flexible operation of the
bitumen tanks is achieved with a limited impact on the
temperature of the tanks. In [17], a strategy for providing
ancillary services is suggested by switching on/off units with
the capability of discrete power changes, e.g., cement crushers
or paper mills. It is shown that continuous power regulation can
be achieved by combining on/off switching of cement crushers
with an on-site energy storage system. Also, Model Predictive
Control (MPC) and optimal scheduling are implemented to
follow the command load and minimise the switching actions
without disturbing the cement kiln. Though the industry’s
potential for frequency regulation is investigated in literature,
the FCR provision has not been taken forward in most industrial
loads due to the time-critical requirement of this service and the
operational complexities, i.e., process constraints, ramp rate,
safety and efficiency losses. Therefore, further research needs
to be carried out to enable the industrial loads to offer FCR.

In the chemical industry, demand response can be provided
by exploiting energy systems with a fast dynamic response,
i.e., compressors, pumps, fans, electric heaters. In this
context, electrolysis processes have been identified early on
as potential balancing service providers due to their large
electricity consumption and fast dynamics [5, 15]. The
flexible operation of a membrane electrolyser in chlor-alkali
processes has been investigated in literature [18, 19] for FCR
provision. Several chlor-alkali and aluminium smelter plants
have already been integrated into the grid through providing
fast demand response [20]. In recent years, Polymer Electrolyte
Membrane (PEM) electrolysis have received extensive attention
to providing ancillary services for the power grid due to their
high electricity consumption, flexibility and reactivity [21, 22,
23]. Moreover, PEM electrolyser is an enabling technology
for CO2 hydrogenation and can play a key role for direct
conversion of CO2 value-added chemicals.

In the transition towards a circular economy, novel chemical
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processes are being developed for the direct conversion of CO2
to value-added chemicals, such as formic acid, methanol, and
methane. Among these processes, formic acid is one of the
most promising routes for CO2 utilisation with widespread
applications [24]. Formic acid is a basic chemical that
finds use in a variety of applications such as leather and
rubber production, textiles, pharmaceuticals, preservatives and
antibacterial agents in livestock feed. It can also be used
as a building block for the bio-catalytic production of value-
added chemicals such as Single-Cell Protein (SCP) to support
livestock production. Moreover, formic acid can be used as a
hydrogen carrier (53 g H2/L) [25, 26] and as fuel for fuel cells,
and it is much less expensive to store than hydrogen. The global
production of formic acid has increased from 390 kton/year
in 1995 to 762 kton/year in 2019 with a firm growth rate of
over 3.8% from 2014 to 2019, mainly produced by hydrolysis
of methyl formate [27, 28]. The total trade value of formic
acid in 2019 was 290 million US$ [29]. The formic acid
market is expected to grow in the near future due to health and
environmental concerns, e.g., the ban on using antibiotics in
animal feed and silage preservation, and emerging applications,
e.g., formic acid fuel cells and hydrogen-based storage systems
[28, 30]. According to [24], the direct synthesis of formic acid
from CO2 has a Technology Readiness Level (TRL) of 3-5.
However, several processes have been patented, and some of
them were tested on a pilot scale by BASF and Reactwel for
the continuous hydrogenation of CO2 to pure formic acid [27].

These processes, which are referred to as Carbon dioxide
Capture and Utilisation (CCU), can utilise the PEM electrolyser
flexibility and provide ancillary services for the grid. In this
context, the approaches that facilitate the integration of CCU
based processes into the power system can tackle two problems
at the same time. Firstly, utilising the CCU based processes
will reduce carbon dioxide emissions. Secondly, the chemical
process as an ancillary service provider can support the power
grid, which leads to the further integration of renewable energy
sources into the power system. Given these advantages, the
chemical industry can play a key role in accelerating a low
carbon future transition.

Active participation of large electricity consumers in the
FCR market is crucial to maintain the power balance in the
future grid with a high integration of renewable energy sources.
Although several energy-intensive industries already have the
potential capacity to provide frequency regulation services, the
following challenges should be addressed to ensure the secure
and cost-efficient provision of fast-paced ancillary services:

• Chemical processes have difficulty operating flexibly as
BSPs or FSPs since they are planned to run continuously
at their nominal capacities with predetermined setpoints.

• Applying fast ramp rates, i.e., the rate of change in power
demand, is not straightforward due to their nonlinear
dynamics and operational constraints, e.g., safety, product
quality and wear.

• The lack of an adaptive control architecture for the flexible
operation in chemical processes makes it challenging

to satisfy grid services requirements while maintaining
process efficiency.

• The economic profit of chemical plants is questioned
under flexible operation dealing with grid and market
uncertainties.

Motivated by the above, this article investigates the
feasibility of providing grid balancing with FCR while
capturing CO2 with a thermo-catalytic formic acid synthesis
process. An operating strategy is proposed for flexible
operation of the process by dynamically regulating process
components. For the methodology followed in this research,
firstly, the dynamic model of the process elements is developed.
The compression stages are modelled in Aspen HYSYS, and
simulation results are used to make an integrated model in
Matlab/Simulink, including the PEM electrolyser, compressors
and the reactor. Then, a control algorithm is designed to operate
the electrolyser and compressors flexibly to provide ancillary
services while maintaining the desired reactor pressure and
temperature, resulting in an optimal efficiency and supporting
the downstream processes. Finally, an industry scale formic
acid process is used to validate the methodology under these
dynamic conditions.

The key contribution is the proposed operating strategy
to increase the process’s operational flexibility and facilitate
the integration of chemical processes into the electrical grid,
addressing the main challenges of chemical plants for FCR
provision. The main deltas of this research with respect to the
state of the art are:

• FCR is provided while ensuring the continuous operation
of the process without using additional equipment (e.g.
additional storage devices).

• Applying fast ramp rates are enabled by exploiting
elements with fast dynamics and implementing a control
algorithm based on the cooperative operation of its
components, i.e., PEM electrolyser and multi-stage
compression units.

• Critical values of the process, i.e., pressure and
temperature limits and reaction efficiency, are respected by
maintaining the optimal operating condition at the reactor.

• The optimal contribution of the process in the European
ancillary market is obtained, which generates additional
revenue and improves the economic profit.

The methodology applied in this research is also applicable to
different CCU based processes for direct conversion of CO2 to
chemical synthesis such as methane or methanol where CO2
and hydrogen are used as raw materials, and the reaction takes
place under high pressure. Therefore, the proposed techno-
economic model and control architecture offers useful and
incentive information for chemical industries to provide grid
balancing services and improve the economic viability of CCU
based processes.
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The remainder of the article is structured as follows: The
dynamic model of the CCU based process for formic acid
production is described in section 2. The proposed control
algorithm for providing FCR is presented in section 3. The
techno-economic performance is assessed in section 4. The
effectiveness of the control performance is examined in section
5. Finally, the outcomes of the proposed approach are
summarised in section 6.

2. Process model for formic acid synthesis

A dynamic model is developed for a CCU based process
for formic acid production via thermo-catalysis through
heterogenisation of ruthenium catalysts, as described in [31].
The model objectives are to simulate the process dynamics
under flexible operation and to control the operating condition
at the reaction stage. Fig. 1 shows the process flow diagram for
conversion of CO2 and H2 to formic acid based on the process
developed in [31]. The process consists of five stages: (I)
the compression stage, (II) the reaction stage, (III) the formic
acid enrichment stage, (IV) the amine exchange stage and (V)
the formic acid formation and purification. The process is
upscaled to produce 1100 kg/h (10 kt/yr) formic acid using
2464 kg/h of CO2 and 112 kg/h of H2. In the first stage, CO2

and H2 are compressed to reach the required pressure level
for the reaction. In the second stage, CO2 is hydrogenated
in the presence of a base, triethylamine (Et3N). The function
of the base during the hydrogenation is to drive the severely
thermodynamically limited equilibrium of CO2 hydrogenation
to formic acid (∆G1 = 22 kJ.mol−1) (1) via the formation
of a stable adduct with formic acid (∆G2 = −19 kJ.mol−1),
Et3NH+:HCOO− [32, 33]:

CO2(g) + H2(g) −→ HCOOH(aq) (1)

CO2(g) + H2(g) + Et3N(aq) −⇀↽− Et3NH+:HCOO– (aq) (2)

In the next stage, water and excess triethylamine are removed
from the liquid stream from the catalytic reactor to afford the
Et3NH+:HCOO− adduct at an Acid to Amine Ratio (AAR)
of 2.3 to allow the amine exchange in the next stage. Direct
separation of the Et3NH+:HCOO− adduct into formic acid and
triethylamine is not possible. However, the n-butyl imidazole
(nBIM) adduct, nBIMH+:HCOO−, readily decomposes by heat
into formic acid and nBIM [34]. Thus, the concentrated
Et3NH+:HCOO− is combined with n-butyl imidazole (nBIM)
to form nBIMH+ : HCOO−. Then, it is fed into a separation

+ -

Figure 1: Process flow diagram of formic acid synthesis from CO2 and H2 from PEM electrolyser.
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column from which pure formic acid can be obtained as the
overhead product according to reactions (3) and (4):

Et3NH+:HCOO– (l) + nBIM(l) −⇀↽− nBIMH+:HCOO– (l) + Et3N(l) (3)

nBIMH+:HCOO– (l) −→ HCOOH(l) + nBIM(l) (4)

This article focuses on the flexible operation of the process
components with fast dynamics, i.e., the PEM electrolyser and
compressors, and the impact of this flexible operation on the
reaction stage. Though the separation and purification stages
are important to produce formic acid, their dynamic behaviour
is not included in the simulations. These stages do not interrupt
the dynamic response of the electrolyser and compressors, and
their slow dynamics dampen the fast variations. However,
the parameters such as AAR, reactor productivity, and CO2
conversion are included in the reactor model. Therefore,
the reactor output data under the flexible operation can be
used to assess the influence on the subsequent process stages.
Therefore, the main focus remains on the first three stages
of the process, and performance analysis of separation and
purification stages are out of scope for this study.

The process is comprised of two main input streams, i.e.,
CO2 and H2, which are pressurised before feeding into the
reactor. The purity of the CO2 source depends on the
availability of the captured CO2, and it may come from different
sources, i.e., atmosphere, power plant combustion exhaust
gasses or waste streams of other processes. This model
assumes that the captured CO2 is available at atmospheric
pressure and ambient temperature. Therefore, a compression
stage is modelled to increase the pressure up to the optimal
operating pressure for CO2 hydrogenation. On condition
that CO2 is compressed in the upstream process, and it is
available at the desired pressure, the compression stage in
the preceding process is considered for flexible operation.
The compression stage with intermediate cooling stages is
modelled in Aspen HYSYS. The CO2 stream is cooled down to
25 °C through intermediate cooling stages to maintain a semi-
isothermal compression of compressors, resulting in a high
compression efficiency. Based on the simulation results, a five-
stage compression system is required to reach the pressure of
120 bar at the reactor. A pressure drop of 0.1 bar is assumed at
each intermediate cooling stage. After the compression stage,
the CO2 stream is heated to reach 120 °C at the reactor inlet. A
5.79 MW PEM electrolyser generates the required H2 of the
process. The H2 stream is compressed through a five-stage
compression system up to 120 bar with intermediate cooling
stages. The compressors of both stages are assumed to operate
at an isentropic efficiency of 80%, which leads to the nominal
power of 288 kW and 252 kW for H2 and CO2 compression,
respectively.

All process components are separately modelled
and integrated into one complete process model in
Matlab/Simulink. Fig. 2 illustrates the configuration and
connections of electrolyser, Permanent Magnet Synchronous
Machine (PMSM) and compressors. The electrochemical
model of the PEM stack is developed to represent the

impedance behaviour of the PEM electrolyser. The
compression stages are first modelled in Aspen HYSYS
to identify the specifications, e.g., number of stages and
power consumption. Then, each compressor model is built in
Simulink and coupled with a PMSM-model to allow variable
speed operation. Next, the PEM stack model is connected to
the compression stage, taking the hydrogen mass flow rate,
pressure and temperature as input signals.

Figure 2: Subsystems configuration and connections: electrolyser, compressor
and electrical motor.

2.1. PEM Electrolyser

The PEM electrolyser is one of the most energy-intensive
components in the process of formic acid synthesis. Also, it
has adequate flexibility and agility to regulate its power. The
response time from pressurised standby to a full-load operating
condition is less than three seconds, and it is below one second
for a hot-start. These properties make the PEM electrolyser a
prime candidate for engaging in fast-paced ancillary services,
e.g., FCR. According to [35, 36, 23] electrolysers can
effectively respond to the grid frequency variations, as they are
able to respond faster to frequency deviations than gas-turbine
and steam-turbine driven synchronous generators. Different
applications of PEM electrolysers operating as BSPs or FSPs
are investigated in [21, 22]. In [23], it is found that the PEM
stack mainly dictates reactivity, and to a lesser degree, Balance-
Of-Plant (BOP). Therefore, the PEM stack is modelled to
represent the electrolyser dynamics in the formic acid process.

As shown in Fig. 3(a), the electrochemical model of the PEM
stack can be described by Randles equivalent circuits connected
in series. In the Randles model, electric components represent
the dynamic behaviour of different layers in the PEM stack.
The voltage drop across the PEM stack Vel can be calculated
as the difference between the standard electrode potential E0
and the voltage losses including the anode activation voltage
Va, cathode activation voltage Vc and the ohmic voltage drop of
the membrane Vm [37, 38]:

Vel = E0 − Va − Vc − Vm (5)
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The equivalent impedance of a PEM stack can be calculated
by measuring the current through the PEM stack Iin and the
voltage across the PEM stack Vel, which is the sum of the
cathode impedance Zc, anode impedance Za and the membrane
ohmic losses Rm:

Zel =
Vel

Iin
= Za + Rm + Zc (6)

As shown in Fig. 3(a), the impedance of each electrode
is reflected by the double-layer capacitance Cdl, the charge
transfer resistance Rt, and the Warburg impedance of the
electrode Zw, (Cdl || [Rt + Zw]). The electrical model can be
simplified to the Randles-Warburg (RW) model by neglecting
the small cathode activation voltage and representing the double
layer capacity with a pure, single-frequency theoretical capacity
[38, 39]. Fig. 3(b) illustrates the PEM stack electrochemical
model using the RW cell. The RW equivalent circuit can
be used to model the impedance response of electrochemical
systems such as a galvanic cell or an electrolytic cell [40]. The
RW values identified in [41] are upscaled to achieve the desired
impedance behaviour of the 5.79 MW PEM electrolyser.
Table 1 gives the values of these parameters.

(a)

(b)

Figure 3: (a) Electrical model of the PEM stack (b) PEM stack electrochemical
model with Randles-Warburg cell.

Table 1: Randles-Warburg model parameters.

Rct
(mΩ)

Cdl
(F)

Rd1
(mΩ)

Cd1
(F)

Rm
(mΩ)

Rd2
(mΩ)

Cd2
(F)

31.8 0.09 1.3 1.96 27.2 12.1 26.18

Fig. 4 shows the dynamic behaviour of the PEM stack model
with an ideal current source by means of step responses. The

Figure 4: The dynamic response of the PEM stack to the ideal current source.

PEM model reacts to the current changes, and the power
signal settles down within one second at maximum, while
the PEM voltage reaches 900 V at the rated power. The
produced hydrogen Hp

2 (kg/h) in function of the operating
power Pe (MW) is calculated by (7), considering the partial load
efficiency of the electrolyser η = Pe/Pnom [22, 21].

Hp
2 =
(
−5.9 · η2 + 5.07 · η + 20.17

)
· Pe (7)

2.2. Compression system

Two compression stages are modelled for the process of
formic acid synthesis to reach the desired pressure level at the
reaction stage. The process feed streams, i.e., H2 and CO2,
are pressurised up to 120 bar through multi-stage compression
systems. The compression stages consist of five centrifugal
compressors with intermediate coolers. The multiple-stage
compressor trains are first modelled in Aspen HYSYS. The
simulation results are used to build up an integrated model
including the electrical motors in Simulink.

Under the flexible operating strategy, the process operating
condition changes according to the grid frequency variation.
Accordingly, the compressors’ operating point needs to be
adaptively controlled to adjust their operating point based on
process requirements. A variable speed motor control can be
used to regulate the operating point of the compressors in an
energy-efficient manner. Therefore, each compressor is coupled
with a PMSM model to enable the compressors to be operated
at different rotational speeds. The dynamic model of the
PMSMs is developed in the rotating d−q synchronous reference
frame, taking into account the armature reaction effect, copper
losses and iron losses [42]. The compressor model includes
the compressor’s mechanical dynamics by means of a first
order equation of motion including rotational inertia and the
compressor and motor torques. The variable-speed control
is performed by regulating the motor torque by using field-
oriented control [43]. The proposed approach is simulated
on each PMSM coupled with a compressor model using an
approximation of the compressor performance map.

Fig. 5 shows the compressor data, including the polynomial
approximations for four rotational speeds, i.e., 57%, 67%, 95%
and 100% of the nominal speed (solid black lines). In order
to simulate the performance of the compression systems, the

6



performance map of the compressors is generated based on
the centrifugal compressor data available in Aspen HYSYS.
A third-order polynomial approximation of the speed curves
is calculated based on the available operating points at each
compressor speed. The polynomial of each speed curve can
be approximated as:

Ψc(mr, ω) = c3(ω) m3
r + c2(ω) m2

r + c1(ω) mr + c0(ω) (8)

where Ψc is the pressure ratio, ω is the compressor speed, and
mr is the relative flow rate which is the ratio of the operating
flow rate mop and the nominal flow rate mnom (mr = mop/mnom). In
order to simulate the system response accurately, a continuous
map of the compressors is required. As the variation
of the polynomial coefficients with the rotational speed is
approximately linear, the speed curves are interpolated linearly.
The third-order polynomial approximations of the speed curves
are illustrated with dotted lines in Fig. 5. Moreover, the
speed curves are approximated in the efficiency map, and the
curves are interpolated by using shape-preserving piecewise
cubic interpolation to obtain a continuous compressor efficiency
map. Fig. 5 illustrates the efficiency of the compressor as
a function of the relative flow rate and the pressure ratio at
different rotational speeds.

Figure 5: The approximated compressor map: speed curves approximated
based on data points (solid lines) and interpolated speed curves (dotted lines).

3. Control design

A flexible control approach is required in order to facilitate
the integration of the CCU based process into the power grid.
The control system must enable the process flexibility at the
operational level to satisfy the grid code requirements. The
process components with a high degree of flexibility, e.g., the

electrolyser, compressors and pumps, can be operated flexibly
while respecting the critical values and safety of the process.
Therefore, a control algorithm is designed to fulfil two main
objectives:

• Providing ancillary services for the grid in the form of
frequency containment reserve.

• Maintaining the required operating conditions for the
reaction to ensure the desired process efficiency and
product quality.

Fig. 6 illustrates the proposed control scheme of the process.
The control system of the formic acid synthesis process consists
of two main control loops. The primary control loop reacts to
the grid frequency variation by regulating the PEM electrolyser
power consumption. The second control loop follows the
primary controller and regulates the compressor speeds to
maintain the optimal level of pressure, temperature and flow
rate at the reactor. The different control levels are explained in
the following subsections.

3.1. PEM electrolyser control: frequency regulation
In the primary control loop, the PEM electrolyser is regulated

to follow the grid frequency. Therefore, when the grid
frequency deviates from the nominal value, the controller tracks
the frequency deviation and adjusts the electrolyser operating
point based on a predefined droop. When the frequency falls
below the nominal value, i.e., when there is a shortage of power,
the electrolyser’s power input is reduced to decrease the load
on the grid. Conversely, when the frequency is higher than
the nominal value, i.e., there is an excess of power, the power
setpoint is increased.

The frequency regulation in this work focusses on the
standard 200mHz FCR product on the European ancillary
service market [44]. Fig. 7 shows the power-frequency chart
of the symmetric 200mHz product. In order to provide a
symmetrical 200mHz product, the electrolyser reacts to grid
frequency deviations within the range of 48.8 to 50.2 Hz.
Therefore, the power reserve is fully activated once the
frequency deviation reaches 200 mHz. As the FCR product
is symmetric, the frequency is stabilised equally for both
upward and downward deviations. According to European
TSOs’ regulations, a deadband of 10 mHz (50 Hz±10 mHz)
is considered [45]. In the deadband, the primary control is not
allowed to react to the frequency variations, and the electrolyser
operates at the baseload power. Therefore, the power setpoint
of the electrolyser is calculated as:

Pe =

αPmax −0.01 Hz ≤ δ f ≤ 0.01 Hz
αPmax + kδ f otherwise

(9)

where α is the baseload factor as a percentage of the maximum
capacity Pmax. The frequency of the grid is represented by
f . The parameter δ f is the frequency deviation from 50 Hz
(δ f = f - 50 Hz). The droop constant k is the power-
frequency characteristic of the electrolyser calculated based
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Figure 6: Control system for the flexible operation of process of the formic acid synthesis process based on CO2 and H2.

Grid frequency

Deadband

Frequency [HZ]

Figure 7: Power-Frequency chart for the symmetric 200mHz FCR product and
chemical process operation based on the grid frequency.

on the contractual power reserve δPFCR and the maximum
frequency deviation allowed for the FCR product, i.e., 200
mHz, defined as:

k =
δPFCR

δ f
(10)

As illustrated in Fig. 6, a cascaded control system is designed
to track the setpoint signal calculated by (9). In the control
scheme, the Proportional Integral (PI) controller (outer loop
controller) reacts to the grid frequency variation and provides
the reference signal to the PEM stack current controller (inner
loop controller). Therefore, the cascaded control strategy
adjusts the electrolyser power consumption by regulating the
PEM stack current.

3.2. Compression stages control system

As described in the previous section, the primary control
modifies the electrolyser power consumption to provide FCR.
Therefore, the flow rate of the generated hydrogen at the
process input changes based on the grid frequency variation. In
this condition, if the compressors are not controlled adaptively
and ignore the H2 variation, the optimal operating condition of
the reactor will be violated. In the worst case, the pressure
and temperature exceed the allowed operating range. In
the H2 stream, the compressors’ power must be regulated
according to the hydrogen generated by the PEM electrolyser.
Moreover, the CO2 flow rate needs to be adjusted based on
the hydrogen variation to ensure the desired ratio of H2 and
CO2 at the reaction stage. Also, the compressors must be
controlled to maintain the discharge pressure and temperature
at the desired level despite the flow rate variation. Therefore,
additional controllers are required to maintain the optimal
operating condition of the process. A control system is
designed for the H2 and CO2 compression stages to control
each compressor’s power through variable-speed control. In
this control approach, the compressors operate at different
rotational speeds by regulating the PMSM torque, using field-
oriented control. For instance, if the H2 flow rate reduces, the
pressure ratio across the compressor does not change, enabling
the compressor to supply a lower flow rate at a reduced speed.

In the H2 compression stage, the first compressor is
controlled to track the generated hydrogen and supply the
desired pressure at a modified speed. As shown in Fig. 6, in
the cascaded control system, the outer PI control loop reacts
to the generated hydrogen and sends the reference signal to
the inner loop PI controller, which controls the rotational
speed by regulating the motor torque. If the following four
compressors in the compression stage operate at their maximum
power, their discharge pressure and temperature will change
with the flow rate variation, which negatively impacts reaction
efficiency. Therefore, the other four compressors are controlled
to adjust their rotational speed based on the flow rate dictated
by the first compressor. As illustrated in Fig. 8, the reference
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speed signal is generated by a lookup table obtained from the
characteristic curve of each compressor (Fig. 5), and the speed
signal is tracked by regulating the motor torque. Therefore,
each compressor pressure’s ratio remains at the designed value,
allowing the compressors to supply the variable flow rate at the
modified speed.

The first compressor in the CO2 compression stage is
controlled to track the generated hydrogen and regulate the
CO2 flow rate to maintain the CO2 and H2 ratio at the optimal
level. As shown in Fig. 6, in the cascaded control system,
the outer PI controller reacts to the H2 and CO2 ratio and
sends the reference signal to the motor torque controller (inner
controller). Therefore, the cascaded control regulates the CO2
flow rate by controlling the compressor speed. The following
compressors in the compression stage modify their rotational
speed based on the flow rate dictated by the first compressor.

+

- +

-. ...

Figure 8: The control diagram for regulating the speed of the last four
compressors in the compression stages.

4. Techno-economic analysis

Before studying the performance of the proposed control
structure, the optimal range of the power reserve and the
baseload setpoint need to be determined. Therefore, in this
section, a techno-economic analysis is formulated based on
market prices, formic acid production and FCR provision.

An industrial-scale CO2-based formic acid process is energy-
intensive. In [46], it is shown that reducing the electricity
cost is a driving factor to improve the economic performance
of the process. Also, it is shown that hydrogen production
consumes around 90% of the total electricity consumption
through electrolysis, which is 40% of the required energy for
the whole process. In [21, 22], it is discussed that participating
in the ancillary markets can improve the economic efficiency of
hydrogen production. Therefore, offering ancillary services for
the grid can generate additional revenues, reducing the formic
acid production cost to become competitive with conventional
methods.

In order to compare the economic performance of flexible
operation with the full-load operation, the profit estimation of
the process is formulated by considering the main parameters
that vary by the flexible operation, i.e., electricity cost, formic
acid production and ancillary service revenue. It is assumed that
other cost function parameters, which are slightly disrupted by
flexible operation, remain unchanged. Therefore the objective
function is defined as:

Obj = max
T∑

t=1

(QFA(t) · EFA)−
T∑

t=1

(Pe(t) · Eel)+δPFCR ·EFCR ·T

(11)
The objective function is evaluated over a period T of one
year with a time stepping t of 10 s. The first term represents
the income from the formic acid production. It is the sum
of the formic acid flow rate QFA in kg/h, which varies by
regulating the electrolysers operating point, multiplied by the
value of formic acid EFA, which is a fixed value. The second
term is the electricity cost, which is the power consumed Pe
multiplied by the electricity price Eel. The operating power
Pe is calculated by Pe = Pb + kδ f , where the baseload power
Pb = αPmax is a setpoint for the control system responding to
the frequency variation. The third term is the revenue from the
provision of FCR, which is a product of the reserved power
PFCR, the FCR price EFCR and time T . The revenue from FCR
is not based on the actual power Pe, but only on the contracted
reserve PFCR, i.e., it is a standby remuneration, not an activation
remuneration. The actual power Pe continuously follows the
grid frequency f variations. The power Pe is calculated using
(9). QFA is calculated by a quadratic function for hydrogen
production between 2.3 and 112.0 kg/h:

QFA(t) = −0.06 · Hp
2(t)2

+ 19.42 · Hp
2(t) − 40.44 (12)

where Hp
2 can be calculated by using (7).

The objective function (11) is subjected to the following
constraints:

Pb + δPFCR ≤ Pmax (13)
−Pb + δPFCR ≤ −Pmin (14)

and the following bounds:
Pmin ≤ Pb ≤ Pmax

0 ≤ δPFCR ≤
1
2

(Pmax − Pmin)

where the minimum capacity Pmin of 10% is considered to
ensure the continuous operation of the electrolyser. This avoids
the start-up and shut-down time required to purge the nitrogen.
Therefore, the baseload power is limited between minimum
capacity Pmax and the maximum capacity Pmax (0.58 MW to
5.8 MW). In order to provide a symmetrical 200 mHz FCR
product and keep the power reserve available for both a positive
and a negative variation of the grid frequency, the power reserve
δPFCR is defined to not exceed half of the available capacity
(Pmax − Pmin). The power reserve and the market prices are
assumed to be constant for the whole year. The FCR price is
equal to the average price of the 200mHz FCR product in 2021
(January-August), i.e., 19.6 e/MW/h. The electricity price in
the model is equal to the average electricity price in Epex Spot
in 2021 (January-August), i.e., 62.2 e/MWh. The formic acid
price is considered 0.5 e/kg [46].

The objective function (11) finds the optimum operating
point in which the profit function is maximised. Fig. 9 shows
the profit as a function of baseload. Also, the formic acid
production, hydrogen and CO2 consumption are presented at
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different baseloads. As it can be seen, offering FCR and
operating the electrolyser with a baseload of 73% maximises
the profit function, which results in the profit improvement of
around 10% compared to the full-load operation. Nevertheless,
the flexible operation at the optimum baseload reduces the
formic acid production by 13%.
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Figure 9: Profit, carbon dioxide and hydrogen consumption and formic acid
production at different baseloads.

Taking into account the importance of FCR and electricity
price, the sensitivity analysis is carried out to determine how
variations in market prices can alter the profit. Fig. 10(a)
depicts the sensitivity of the profit to FCR price, considering
a fixed electricity price of 62.2 e/MWh. Fig. 10(b) shows the
sensitivity analysis of profit for a range of electricity prices
with a fixed FCR price of 19.6 e/MW/h. The profit variation
represents the profit improvement in percentage comparing to
the full-load operation. Firstly, the figures show how the profit
rises with increasing electricity or FCR prices. Secondly, as
either one of these prices goes up, it is worthwhile to offer more
primary reserve, consequently lowering the baseload.

5. Dynamic simulation

After having discussed the optimal economic approach and
indicating the optimal range of baseload power and power
reserve, the dynamic performance of the process is investigated
in this section. The power consumption of the PEM electrolyser
is regulated to provide FCR by the primary control loop
(section 3.1). As illustrated in Fig. 10, the optimal baseload
can vary based on FCR and electricity price. Therefore, the
PEM electrolyser operates at a baseload of 70% (4.05 MW),
approximately the mean value of the obtained optimal range,
while providing the remaining 30% of its capacity (1.74 MW)
as power reserve. Fig. 12 shows the flexible operation of
the electrolyser providing symmetrical 200 mHz FCR. A real
800 s grid frequency dataset is used from the synchronous
grid of continental Europe, which includes the significant grid
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Figure 10: Sensitivity of profit to (a) FCR price and (b) electricity price.

frequency variation [47]. The frequency profile is selected
to include frequency variations above and below the nominal
frequency (50 Hz), allowing to monitor process dynamics for
both upward and downward regulations. As illustrated in Fig.
11, the frequency profile represents an accurate estimation of
the grid frequency behaviour in one year, respecting the 98%
confidence interval of the frequency distribution. The data
have a sampling period of 10 s, and the electrolyser responds
to the grid frequency variation. The power input is regulated
using a cascaded control system by controlling the PEM stack
current. The electrolyser operates at the baseload when the
grid frequency is within the deadband (50 Hz±10 mHz). The
reference signal is the electrolyser operating setpoint Pe, which
is the sum of baseload and power reserve calculated by Pe =

Pb + δP, where activated power reserve is defined by δP =
k δ f . Therefore, the primary controller reacts proportionally
to the grid frequency variations by regulating the electrolyser
power. As illustrated in Fig. 12, when the grid frequency
drops below 49.99 Hz, the electrolyser operates below the
baseload. Contrarily, the electrolyser’s power consumption
increases above the baseload while the frequency is above
50.01 Hz. Consequently, the generated hydrogen varies based
on the grid frequency variation as a result of FCR provision.
As shown, the PEM dynamics are considerably fast, and it can
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track the reference signal in less than five seconds. Therefore,
the PEM electrolysis can be run at different power levels with a
high degree of reactivity and is able to provide FCR adequately.

Figure 11: Grid frequency distribution in one year.

Figure 12: The dynamic performance of the PEM electrolyser under FCR
provision strategy.

Fig. 13 illustrates the first compressor performance in the H2
feed stream. As a result of primary level control, the hydrogen
production fluctuates based on the grid frequency variation.
Therefore, the first compressor in the compression stage is
controlled to deliver a constant discharge pressure at different
H2 flow rates. As shown, the cascaded controller tracks the
hydrogen variation by regulating the compressor speed. The
variable compressor speed is obtained by regulating the motor

torque. As shown, the discharge pressure and temperature are
adequately regulated around their desired levels with minimal
deviations.

Figure 13: The dynamic performance of the first compressor in the H2
compression stage.

The following four compressors in the compression stage are
controlled to adjust their rotational speed based on the first
compressor discharge flow rate. Fig. 14 illustrates the fifth
compressor performance representing the last four compressors
in the compression stage with the pressure and temperature of
H2 at the reactor inlet. The control diagram of the compressors
is shown in Fig. 8. The reference speed signal is generated
based on the H2 flow rate using a lookup table obtained from
the compressor performance map. As illustrated in Fig. 14,
the motor speed, and consequently the power, are regulated to
produce the desired pressure. As can be seen, the proposed
control strategy can maintain the pressure and the temperature
of H2 at the optimal values.

Fig. 15 shows the dynamic performance of the first
compressor in the CO2 compression stage. The first compressor
in the CO2 stream is responsible for modifying the CO2 flow
rate such that the required CO2/H2 ratio is maintained at the
reactor while supplying the desired discharge pressure. The
compressor speed is regulated to adjust the CO2 flow rate
based on flow rate variation in the H2 stream. As illustrated,
the CO2 and H2 flow rate ratio is maintained at the desired
level despite the variation in hydrogen production while the
discharge pressure is maintained at a nearly constant level.
In Fig. 16, the corresponding compressor performance for the
800 s simulation is illustrated on the efficiency map. As shown,
for around 10% flow rate variation, the compressor operates at
its maximum efficiency while the pressure ratio is maintained
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Figure 14: The dynamic performance of the fifth compressor in the H2
compression stage and reactor inlet pressure and temperature.

at the desired value.

Figure 15: The dynamic performance of the first compressor in the CO2
compression stage.

Figure 16: The performance of the first compressor in the CO2 compression
stage on the efficiency map.

Similar to the H2 compression stage, the next four
compressor speeds are regulated based on the first compressor
discharge flow rate to keep the output pressures at the desired
level. Fig. 17 illustrates the fifth compressor performance
representing the last four compressors in the CO2 compression
stage. As the result of variable speed operation, the pressure
and temperature of the CO2 are maintained at the reactor’s
optimal operating condition.

Figure 17: The dynamic performance of the fifth compressor in the CO2
compression stage and reactor inlet pressure and temperature.
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The simulations have been carried out for different frequency
profiles to evaluate the control performance. The Root Mean
Square (RMS), mean and Standard Deviation (SD) of the
error are calculated for the controlled variables and the reactor
operating parameters. As given in Table 2, the control system
has a robust performance with limited errors in different
operating conditions.

Table 2: Error statistics for controlled variables.

Control system RMS Mean SD

H
2

st
re

am

Electrolyser
Power (kW) 1.4572 -0.0114 1.4571

Compressor 1
Flow rate (kg/h) 0.3532 -0.0027 0.3532

Compressor 5
Rotational speed (rad/s) 0.2031 -0.0015 0.2031

Reactor
Inlet pressure (bar) 0.1178 0.1171 0.0127

Reactor
Inlet temperature (◦C) 0.0871 0.0870 0.0034

C
O

2
st

re
am

Compressor 1
Flow rate ratio (CO2/H2) 0.0351 0.0001 0.0351

Compressor 5
Rotational speed (rad/s) 0.0931 -0.0011 0.0931

Reactor
Inlet pressure (bar) 0.1180 0.1173 0.0128

Reactor
Inlet temperature (◦C) 0.0033 0.0024 0.0023

Since the pressure and temperature are optimally controlled,
the reactor product can only be influenced by the variations
in the hydrogen flow rate. Fig. 18 illustrates the reactor
performance under FCR provision. The AAR, productivity,
and CO2 conversion behave as a function of hydrogen flow
rate. As the grid frequency rises, the hydrogen flow rate and
productivity increases as well. Consequently, the AAR and
CO2 conversion rate decrease. This is to be expected since the
flow rate increases reducing the residence time. As observed,
for the system studied [31], 10% changes in the H2 flow have
a small effect in the CO2 conversion rate (<1%), and even
smaller changes in the AAR (<0.02%). Such variations must
be considered by the separation process and are expected to
have no effect in the overall efficiency of the separation [48, 49].
However, they need to be accounted for in the equipment sizing.

6. Discussion and Conclusions

Chemical plants with intensive electricity consumption
can be engaged in grid balancing programs by providing
a megawatt-scale power reserve. However, providing grid
requirements is challenging due to the chemical process
constraints. The chemical processes should operate flexibly
to allow active participation of the chemical plant in the
ancillary market. The flexible operating strategy must satisfy
the grid requirements while respecting the process efficiency
and constraints. Therefore, dynamic plant models and control

Figure 18: Reactor performance under FCR provision.

algorithms are needed to achieve the optimal flexible operation
of a chemical process. In this article, a flexible operating
strategy is proposed to facilitate the integration of an energy-
intensive CCU based process into the power grid. The flexible
operation is realised through a cooperative operation of the
PEM electrolyser and the multi-stage compression systems
in the process. The chemical process uses CO2 and H2 as
raw materials to produce formic acid, which is a valuable
multi-purpose chemical compound. The process is based
on the continuous hydrogenation of CO2 over heterogenised
ruthenium catalysis. Dynamic models representing the flexible
and energy-intensive process stages have been employed to
investigate the FCR provision by an industrial-scale plant.
The dynamic model of the process consists of a PEM
electrolyser, compression stages and a reactor developed for
formic acid synthesis. A control algorithm has been designed
to enhance the flexibility of the process for FCR provision.
The implemented control system regulates the dynamics of
the process components, i.e., electrolyser and compressors, to
provide ancillary services concerning process efficiency and
constraints. The control system reacts to the grid frequency
variations by regulating the electrolyser’s power input at the
primary control level. At the same time, the compressors’
capacity is controlled to maintain the optimal operating
condition, i.e., CO2 and H2 ratio, pressure and temperature. The
techno-economic performance of a flexible operating strategy is
assessed, and the optimal operating baseload is determined. As
a result, the following conclusions can be drawn:

• Offering FCR is a valid option to create additional revenue
from ancillary services.

• The optimal economic strategy is to run the electrolyser at
a baseload of 73% while providing the remaining capacity
as a power reserve.

• Although the formic acid production is decreased by 13%,
the overall economic performance is increased by 10% by
operating the process at the optimal baseload.
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• Optimal operating parameters, i.e., ratio, pressure and
temperature, are maintained at the reaction stage.

• FCR can be provided with a limited impact on the reaction
efficiency (<1%).

• The control algorithm is robust for different operational
conditions and grid frequency variations.

• The offered control strategy does not violate the reactor
pressure limits.

This paper provides incentive information that can encourage
more chemical plants to actively participate in the ancillary
market and support the grid. Note that the proposed strategy
in this paper is applicable to a variety of chemical processes
in which electrolysis and compression are present, e.g.,
processes for direct conversion of CO2 and hydrogen to value-
added chemicals such as formic acid, methane and methanol.
Moreover, since the proposed strategy enables the chemical
process to provide FCR as the most time-critical frequency
regulation product, the strategy can be efficiently applied to
provide ancillary services that require a longer response time,
e.g., aFRR and mFRR.

Although the proposed operating strategy enables the FCR
provision and improves the process’s financial revenue, a
number of economic and technical considerations should be
taken into account for implementation and future research
and development. According to the current TSO regulations,
the minimum power reserve of 1 MW is required for FCR
provision, which sets a lower boundary on the process size.
Therefore, smaller chemical processes with FCR reserves less
than 1 MW are not allowed to participate in the ancillary
market. In this work, the compressors’ capacity and operating
points are determined for the proposed flexible operation,
while existing compression stages in chemical processes are
already designed based on the process requirement without
considering the FCR provision. Therefore, the available power
reserve might be limited by the capacity of the compressors,
and an upgrade might be required for the optimal operation,
e.g., adding compression stages or adapting the compressors.
Thus, the most effective approach for optimal contribution
in the ancillary market is to consider the proposed demand
response operation during the planning phase rather than
later in the upgrading phase, which guarantees technical and
economic feasibility. Moreover, the optimal baseload and
power reserve might be influenced by the uncertain behaviour
of the energy and reserve markets. Therefore, applying
stochastic optimisation and prediction techniques in future
work can improve the bidding strategy to deal with the
uncertainties in the market price and support optimal operating
decisions. Furthermore, the operational flexibility offered by
the proposed strategy facilitates the cooperative operation of
the chemical plant with renewable energy sources, where the
chemical process can operate as a buffer, utilising the excess
generated power for upward and downward regulation services.
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