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ABSTRACT 
This work presents a plantwide model of a Haber-Bosch ammonia synthesis loop (HB-loop) in a 
PtA plant, consisting of heat exchangers, compressors, steam turbines, flash separators and cat-
alytic reactor beds. The total electrical power utility of the HB-loop is a combination of compressor 
power, refrigeration power, and steam turbine power. We optimise the HB-loop operating param-
eters, subject to constraints for maximum reactor temperatures, compressor choke and stall, min-
imum steam temperature, and maximum loop pressure. The loop features six degrees of freedom 
(DOFs) for the optimisation: three reactor temperatures, reactor N2/H2-ratio, separator tempera-
ture, and loop pressure. The optimisation minimises the total loop power utility for a given hydro-
gen make-up feed flow, with the PtA load varied by ranging the hydrogen make-up feed flow from 
10 % to 120 % of the nominal. Across this load range, different constraints become active, with the 
compressor surge limit being particularly critical at low loads, significantly increasing HB-loop 
power consumption. To address this, we investigate configurations with two, three, and four com-
pressor trains operating in parallel. Reductions in total power of 55%, 74%, and 84% are achieved 
at reduced plant loads, with two, three, and four parallel trains, respectively. In terms of total com-
pressor capital and operating cost, we demonstrated savings of 8.06%, 8.29%, and 7.11% in total 
cost after ten years of operation with two, three, and four parallel compressor trains compared to 
a single train configuration. 

Keywords: Power-to-Ammonia, Synthesis loop model,  Optimisation, Parallel compressors.  

1 INTRODUCTION 
Power-to-X (PtX) is one of the most promising solu-

tions for long-term storage of renewable energy such as 
wind and solar power [1]. Among the various PtX technol-
ogies, Power-to-Ammonia (PtA) receives significant at-
tention due to its ability to store and recover energy with-
out carbon dioxide emissions. PtA employs the traditional 
Haber-Bosch synthesis loop but with hydrogen produced 
via electrolysis rather than steam-methane reforming 
and nitrogen from air separation. The hydrogen produc-
tion consumes around 90 % of the total plant electricity 
and hence highly depends on the available renewable en-
ergy. Due to the intermittent nature of renewable power 
sources, the synthesis loop is required to operate across 
a broad operating envelope from 10 % to 120 % of the 
nominal synthesis feed flow [2]. In [3], we developed 

dynamic models for three general ammonia reactor 
types: adiabatic quench-cooled (AQCR), adiabatic indi-
rect-cooled (AICR), and internal direct-cooled reactors 
(IDCR). These reactors were optimised across a wide 
range of feed flow rates and evaluated for flexibility and 
robustness in a PtA plant, with the AICR and IDCR identi-
fied as the most suitable options. 

In this work, we expand the scope by introducing a 
model for the entire HB synthesis loop, including an AICR 
reactor. The study focuses on optimising the HB-loop 
across the operating range from 10 % to 120 % of the 
nominal hydrogen make-up feed flow. We evaluate dif-
ferent loop designs with multiple parallel compressors to 
identify the most economical configuration. 

2 SYNTHESIS LOOP MODEL AND 
OPTIMISATION  
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Figure 1 shows the Haber-Bosch ammonia synthesis 
loop. The make-up gas of hydrogen and nitrogen is com-
pressed to the high synthesis loop pressure (>80 bar) 
and preheated before entering the reactor. The nitrogen 
feed, produced via air separation, contains 0.1% argon, 
significantly lower than the 1.2% found in conventional 
ammonia plants, where the nitrogen is supplied directly 
from combustion air. This eliminates the need for a purge 
stream in the synthesis loop as the solubility in the liquid 
ammonia product stream balances the argon build-up.  

2.1 Reactor and heat exchanger model 
The AICR consists of a combination of catalytic fixed 

beds and counter-current heat exchanges. The catalytic 
beds are assumed to be adiabatic and modelled in one 
dimension along the axial direction.  Furthermore, we as-
sume no transport limitations within the catalytic parti-
cles, which implies isothermal catalytic particle phase 
and gas phase. The reactor model is extensively de-
scribed in [3]. The pressure drop across the catalytic bed 
is determined using Ergun’s equation,  

 d𝑃𝑃
d𝑙𝑙

= 180𝜇𝜇𝑔𝑔

𝑑𝑑𝑝𝑝2
(1−𝜖𝜖)2

𝜖𝜖3
𝑣𝑣𝑠𝑠 + 1.75𝜌𝜌𝑔𝑔

𝑑𝑑𝑝𝑝
 (1−𝜖𝜖)
𝜖𝜖3

𝑣𝑣𝑠𝑠2,    (1) 

in which 𝑃𝑃 is the pressure, 𝜇𝜇𝑔𝑔 is the gas viscosity, 𝜌𝜌𝑔𝑔 is 
the gas density, 𝑑𝑑𝑝𝑝 is the hydraulic diameter of the cata-
lyst particles and 𝑣𝑣𝑠𝑠 is the superficial gas velocity.  

2.2 Compressor model 
Centrifugal compressors are employed in the am-

monia synthesis loop to compress the make-up feed gas 
and re-compress the recycle stream. The compressors 
are modelled based on isentropic compression from inlet 
pressure, 𝑃𝑃1, to outlet pressure 𝑃𝑃2, 

𝑆𝑆�𝑇𝑇1,𝑃𝑃1,𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.� = 𝑆𝑆�𝑇𝑇𝑠𝑠,𝑃𝑃2,𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.�,    (2a)
         𝑊𝑊𝑠𝑠,   𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝. = 𝐻𝐻(𝑃𝑃𝑐𝑐𝑜𝑜𝑜𝑜,𝑇𝑇𝑠𝑠,𝑁𝑁) − 𝐻𝐻(𝑃𝑃𝑖𝑖𝑖𝑖,𝑇𝑇𝑖𝑖𝑖𝑖,𝑁𝑁),    (2b) 

with 𝑊𝑊𝑠𝑠,   𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝. being the work of the isentropic compres-
sion. The real outlet temperature, 𝑇𝑇2, and work, 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝 ., 
are found by solving,  

𝜂𝜂𝑠𝑠𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝. = 𝑊𝑊𝑠𝑠,   𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.,       (2c) 

𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝. = 𝐻𝐻�𝑇𝑇2,𝑃𝑃2,𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.� − 𝐻𝐻�𝑇𝑇1,𝑃𝑃1,𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.�,    (2d) 

where 𝜂𝜂𝑠𝑠 is the isentropic efficiency. The compressor ef-
ficiency is assumed to follow a polynomial expression as 
a function of the corrected flow, 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐., 

𝜂𝜂𝑠𝑠(𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐.) = −0.44 � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐.

𝐹𝐹𝑛𝑛,   𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.
�
2

+ 0.85 � 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐.

𝐹𝐹𝑛𝑛,   𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.
� + 0.35,      (2e) 

where 𝐹𝐹𝑖𝑖,   𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝. is the nominal compressor flow. The cor-
rected flow is given by, 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.

𝑃𝑃1
𝑃𝑃1𝑛𝑛

, with 𝑃𝑃1 being the 
compressor inlet pressure and 𝑃𝑃1𝑖𝑖 the inlet pressure at 
the design point. The coefficients of the polynomial (𝑎𝑎 =
−0.44,𝑏𝑏 = 0.85, 𝑐𝑐 = 0.35) are determined from a qualita-
tive fit of a compressor map generated with Concept 
NREC® design software for the relevant [N2,H2,Ar,NH3] 
gas mixture [4]. Furthermore, to prevent compressor 
surge and choke, the operating range of the compressors 
is restricted between 65 % and 130 % of the nominal 
compressor flow. Below 65 % corrected compressor 
flow, anti-surge recycle control is activated. The feed gas 
compression is performed using multistage compressors 
with a maximum compression ratio of 3.5 per stage. 

2.3 Separator model 
Due to the large difference in boiling points between 

ammonia and the synthesis gas, the product separation 

 
Figure 1: Schematic illustration of the Haber Bosch synthesis loop with an adiabatic indirect cooled reactor (AICR). 
Streams connecting the operating units are numbered as indicated in the diagram.  
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is achieved via a flash tank. The material balance over the 
flash tank is, 

0 = 𝐹𝐹𝑠𝑠𝑠𝑠𝑝𝑝.
𝑙𝑙 + 𝐹𝐹𝑠𝑠𝑠𝑠𝑝𝑝.

𝑔𝑔 − 𝐹𝐹𝑓𝑓,   𝑠𝑠𝑠𝑠𝑝𝑝. ,     (3a) 

where 𝐹𝐹𝑓𝑓,   𝑠𝑠𝑠𝑠𝑝𝑝. is the separator inlet flow, and 𝐹𝐹𝑠𝑠𝑠𝑠𝑝𝑝.
𝑙𝑙  and 𝐹𝐹𝑠𝑠𝑠𝑠𝑝𝑝.

𝑔𝑔  
are respectively the liquid and gas flow exiting the sepa-
rator. At vapour-liquid equilibrium the component chem-
ical potentials of the phases are identical, 

0 = 𝜇𝜇 𝑖𝑖
𝑔𝑔�𝑇𝑇𝑠𝑠𝑠𝑠𝑝𝑝.,𝑃𝑃𝑠𝑠𝑠𝑠𝑝𝑝., 𝑥𝑥𝑔𝑔� − 𝜇𝜇𝑖𝑖𝑙𝑙�𝑇𝑇𝑠𝑠𝑠𝑠𝑝𝑝.,𝑃𝑃𝑠𝑠𝑠𝑠𝑝𝑝., x𝑙𝑙�,   (3) 

in which the chemical potential, 𝜇𝜇𝑖𝑖, of component 𝑖𝑖 is a 
function of the separator temperature, 𝑇𝑇𝑠𝑠𝑠𝑠𝑝𝑝, pressure, 
𝑃𝑃𝑠𝑠𝑠𝑠𝑝𝑝, and composition, 𝑥𝑥𝑠𝑠𝑠𝑠𝑝𝑝. The chemical potential of the 
gas and liquid mixtures are calculated with the thermo-
dynamic tool Thermolib [5]. 

2.4 Cooling and Refrigeration 
Cooling is performed before the separator and be-

tween stages for make-up feed compression. We assume 
cooling water is available at 15 oC and the heat exchang-
ers are designed based on a 10 oC minimum temperature 
approach. Therefore, cooling below 25 °C requires a re-
frigeration cycle. Assuming a coefficient of performance 
of three (𝐶𝐶𝐶𝐶𝑃𝑃 = 3), typical for refrigeration around 0 °C 
[6], the refrigeration power for cooling before the flash 
tank is, 

 𝑊𝑊𝑐𝑐𝑠𝑠𝑓𝑓𝑐𝑐𝑖𝑖𝑔𝑔𝑖𝑖𝑟𝑟𝑜𝑜𝑖𝑖𝑐𝑐𝑖𝑖 = 
��̇�𝐻�25.0 oC,𝑃𝑃𝑠𝑠𝑠𝑠𝑝𝑝.,𝐹𝐹𝑠𝑠𝑠𝑠𝑝𝑝.�−�̇�𝐻�𝑇𝑇𝑠𝑠𝑠𝑠𝑝𝑝.,𝑃𝑃𝑠𝑠𝑠𝑠𝑝𝑝.,𝐹𝐹𝑠𝑠𝑠𝑠𝑝𝑝.��

𝐶𝐶𝐶𝐶𝑃𝑃
    (4) 

in which �̇�𝐻 is the enthalpy flow of the stream at the tem-
perature, 𝑇𝑇,  pressure, 𝑃𝑃, and flow 𝐹𝐹. The enthalpy flows 
in Eq. 4 are for two-phase flows.  

2.5 Rankine cycle 
The hot outlet stream from the reactor is around 

750-820 K. This temperature facilitates the generation of 
superheated steam at 30 bar (𝑇𝑇𝑠𝑠𝑟𝑟𝑜𝑜@30bar = 507.0 oC), driving 
a turbine in a Rankine cycle. We assume a heat-to-elec-
tric power efficiency of, 𝜂𝜂𝑐𝑐𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑠𝑠 = 40 %, representing a 
high-efficiency cycle with superheated steam [6]. Thus, 
the generated electrical power is given by,    

𝑊𝑊𝑐𝑐𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑠𝑠 = 𝜂𝜂𝑐𝑐𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑠𝑠 �
�̇�𝐻(𝑇𝑇𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.

𝑐𝑐𝑜𝑜𝑜𝑜 ,𝑃𝑃𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.
𝑐𝑐𝑜𝑜𝑜𝑜 ,𝐹𝐹𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.

𝑐𝑐𝑜𝑜𝑜𝑜 )
−�̇�𝐻(𝑇𝑇𝑆𝑆12,𝑃𝑃𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.

𝑐𝑐𝑜𝑜𝑜𝑜 ,𝐹𝐹𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.
𝑐𝑐𝑜𝑜𝑜𝑜 )

�      (5) 

where �̇�𝐻 is the enthalpy flow of the stream at the temper-
ature, 𝑇𝑇,  pressure, 𝑃𝑃, and flow, 𝐹𝐹. 𝑇𝑇𝑆𝑆12 is the temperature 

of stream 12 (see Figure 1) given by 𝑇𝑇𝑆𝑆12 = 𝑇𝑇𝑆𝑆10 + 10 oC, 
where 𝑇𝑇𝑆𝑆10  is reactor feed temperature. The addition of 
10 oC ensures sufficient temperature driving force in the 
pre-reactor external heat exchanger (Figure 1: eHex 1). 

2.6 Optimisation problem 
The electrical power consumption of the Harber-

Bosch process consists of compressor and refrigeration 
power, while the steam turbine generates electricity. The 
total external electrical utility of the HB-loop, 𝑊𝑊𝐻𝐻𝐻𝐻, is,  

𝑊𝑊𝐻𝐻𝐻𝐻 = 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝
𝑓𝑓𝑠𝑠𝑠𝑠𝑑𝑑 + 𝑊𝑊𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝

𝑐𝑐𝑠𝑠𝑐𝑐𝑟𝑟𝑐𝑐𝑙𝑙𝑠𝑠 + 𝑊𝑊𝑐𝑐𝑠𝑠𝑓𝑓𝑐𝑐𝑖𝑖𝑔𝑔𝑖𝑖𝑟𝑟𝑜𝑜𝑖𝑖𝑐𝑐𝑖𝑖 −𝑊𝑊𝑐𝑐𝑟𝑟𝑖𝑖𝑟𝑟𝑖𝑖𝑖𝑖𝑠𝑠 . (6) 
We assume cooling water is a negligible operational cost. 
Hence, the total electrical power utility, 𝑊𝑊𝐻𝐻𝐻𝐻, represents 
the cost function for the synthesis loop. As no purge 
stream figures in the PtA synthesis loop (see Figure 1), all 
hydrogen and nitrogen leave the synthesis loop by con-
version to ammonia. This entails that hydrogen and nitro-
gen are fed at the stoichiometric ratio. Thus, for a given 
hydrogen make-up feed flow, minimising 𝑊𝑊𝐻𝐻𝐻𝐻 represent 
the optimal solution. The optimisation involves six de-
grees of freedom (DOF): three reactor temperatures, 
N2/H2-ratio, separator temperature, and loop pressure. 
We define the DOFs in a vector, 𝜈𝜈,  

𝜈𝜈 = �𝑇𝑇𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.
𝑖𝑖𝑖𝑖,1 ,  𝑇𝑇𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.

𝑖𝑖𝑖𝑖,2 ,  𝑇𝑇𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.
𝑖𝑖𝑖𝑖,3 ,𝑃𝑃𝑐𝑐𝑠𝑠𝑟𝑟𝑐𝑐.

𝑖𝑖𝑖𝑖 ,𝑇𝑇𝑠𝑠𝑠𝑠𝑝𝑝., 𝑆𝑆H2/N2�     (7)    

The optimal solution is found minimising the objective 
function across the six DOFs, 

min
𝜈𝜈

    𝑊𝑊𝐻𝐻𝐻𝐻,          (8a) 

s. t.      𝑓𝑓�𝑥𝑥,𝑦𝑦,𝐹𝐹𝑆𝑆1,H2� = 0, 𝑔𝑔(𝑥𝑥,𝑦𝑦) = 0,       (8b) 

0.65 ≤ 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐.

𝐹𝐹𝑛𝑛,   𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝.
 ≤ 1.3       (8c) 

where Eq. 8b represents the steady-state solution for a 
given hydrogen make-up flow, 𝐹𝐹𝑆𝑆1,H2, with 𝑓𝑓 and  𝑔𝑔 denot-
ing the rate function and the algebraic equations as de-
scribed in [3]. The optimisation problem is solved using 
the Matlab minimisation function fmincon. We define the 
specific HB-power cost for producing ammonia as, 

𝐸𝐸NH3 = 
𝑊𝑊𝐻𝐻𝐻𝐻
�̇�𝑐NH3

,      (9) 

Where �̇�𝑚NH3 is the mass flow of produced ammonia from 
the separator. 

3 RESULTS  

Table 1: Optimal operating parameters and power distribution at nominal load. 

Optimal parameters  Power distribution                            
Bed inlet temperatures [K] [   ] Feed compression  MW 
Reactor inlet pressure  bar Recycle compression  MW 
Separator temperature  oC Steam generator   MW 
Reactor H2/N2-ratio  Refrigeration power        MW 
  HB-loop power   MW 

 



 

Rosbo et al. / LAPSE:2025.0333 Syst Control Trans 4:1126-1132 (2025) 1129  

3.1 Optimisation at nominal load 
The nominal load of the HB-loop is defined relative 

to a hydrogen make-up flow of 1.98 ton/h, corresponding 
to the 100 MW PtA plant presented in [7].  Table 1 sum-
marises the optimal operating parameters and the corre-
sponding power distribution when solving the optimisa-
tion in Eq. 8 at nominal load. The feed compression con-
sumes most of the electrical utility with 5.50 MW, while 
the recycle compression only constitutes 0.18 MW. The 
optimal separator temperature of 25 oC is at the lower 
bound for water cooling, avoiding refrigeration power. A 
relatively big fraction of the electrical utility for compres-
sion is regained through the Rankine cycle delivering 3.6 
MW. This sums to a total of 2.11 MW of external electrical 
utility required to power the HB-loop.    

 
Figure 2. Distribution of power in the HB-loop across the 
operating envelope. 

3.1 Optimisation across the operating window 
We define the hydrogen load, 𝐻𝐻𝐻𝐻, as the normalised 

make-up feed flow relative to the nominal flow, 

𝐻𝐻𝐻𝐻 = 𝐹𝐹𝑆𝑆1,H2
𝐹𝐹𝑆𝑆1𝑛𝑛,H2

,        (10)  

The optimisation problem in Eq. 8 is solved across the 
hydrogen load range from 10 % to 120 % of nominal flow. 
Figure 2 shows the optimal solution for the power utilities 
of the operating units across the operating window. The 
feed compressor power naturally decreases with the hy-
drogen load as less make-up feed gas is supplied. How-
ever, at 65 % of nominal hydrogen feed, the reduction in 
compressor power with hydrogen load is significantly re-
stricted. This can be explained from Figure 3, showing 
the normalised corrected make-up feed and recycle flow 
along with the compressor surge limit across the operat-
ing envelope. The corrected feed flow intersects the 
surge line corresponding with the discontinuity in the 
feed compressor power in Figure 2. Reaching the surge 

line initiates the anti-surge recycling, limiting the de-
crease in compressor power. Figure 3 reveals that the re-
cycle compressor reaches the surge line at a significantly 
lower load than the feed flow; however, its relatively 
smaller contribution to the total compressor power (see 
Figure 2) makes this effect negligible.  

From Figure 2 we observe that the total HB-power, 
somewhat counterintuitively, increases with decreasing 
load when compressor anti-surge recycle is activated. 
This occurs because the power generated by the steam 
turbine decreases linearly with the hydrogen load, while 
the compressor power experiences only a slight reduc-
tion. Figure 4 illustrates that this dramatically impacts the 
specific ammonia production cost shown on the left y-
axis. At reduced loads, the specific ammonia cost is up to 
twenty times higher relative to the nominal load. Addi-
tionally, Figure 4 displays the optimal reactor pressure 
across the operating envelope on the right y-axis. The 
optimal pressure decreases at reduced loads, explaining 
the slight decrease in feed compressor power seen in 
Figure 2 after reaching the surge limit. 

 
Figure 3. Normalised corrected flow for the feed and 
recycle compressors across the operating envelope.    

 
Figure 4. Left y-axis: Specific ammonia production cost. 
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Right y-axis: Optimal reactor pressure across the 
operating window. 

3.1 Compressors in parallel 
Figure 4 illustrates the drastic increase in ammonia 

production cost at low loads, caused by compressor anti-
surge recycling. To reduce this loss, we investigate op-
erating with multiple compressor trains in parallel.  Paral-
lel compressor trains extend the combined operational 
range of the compressors as one train can be stopped 
when the surge limit is reached. Additionally, multiple 
parallel compressors can facilitate higher compressor ef-
ficiency as the compressor flow can be distributed closer 
to the optimal operating flow. We solve the optimisation 
problem in Eq. 8 across the operating window with two, 
three, and four parallel compressor trains. Figure 5a dis-
plays the optimal HB-loop power for different compres-
sor configurations, showcasing a significant reduction in 
HB-power by operating with multiple parallel compressor 
trains. At around 80 % hydrogen feed load, the configu-
rations with 3 and 4 parallel compressor trains reduce the 
HB-power due to improved compressor efficiency 
achieved by pausing one compressor. However, the sub-
stantial reduction in HB-power occurs below the com-
pressor surge limit, as the anti-surge recycling is shifted 
to 32.5 %, 21.7 % and 16.3 % of nominal hydrogen load 
for two, three and four parallel compressor trains, re-
spectively.  

Figure 5b shows the specific ammonia production 
cost across the operating envelope. Clearly, multiple par-
allel compressors significantly decrease production 
costs.  At 10 % load, the ammonia production cost is re-
duced by 55 %, 74 % and 84 % for two, three and four 
parallel compressor trains, respectively.  

5 ECONOMIC COMPARISON 
Figures 4a and 4b illustrate that operating with mul-

tiple parallel compressor trains significantly reduces the 
HB-loop power during part-load operation. However, to 
evaluate the economic benefits, it is essential to consider 
the distribution of operating hours across the hydrogen 
loads. This is an extensive optimisation problem depend-
ing on factors such as the local wind and solar power dis-
tribution, the relative size of renewable power to the 
electrolyser and synthesis loop capacity, hydrogen stor-
age size and electricity price. Performing this optimisa-
tion is not the scope of this paper, but was assessed by 
[2] and [8] . They concluded that wind and solar-powered 
PtA plants optimally operate mainly at minimum load, dur-
ing periods of limited renewable power, or nominal load 
and above, during periods of surplus renewable energy. 
Complete reactor shutdown should be avoided as start-
up times are extensive and frequent shutdowns damage 
the reactor catalyst [2,8]. Based on this, we assume an 
HB-loop capacity factor of 70 % with the hydrogen load 
distribution in Figure 5. The mean power consumption of 
the HB-loop is found from the probability density func-
tion, 𝑝𝑝, via,  

𝑊𝑊𝐻𝐻𝐻𝐻������ = ∫ 𝑊𝑊𝐻𝐻𝐻𝐻(𝐻𝐻𝐻𝐻)𝑝𝑝(𝐻𝐻𝐻𝐻)1.2
0.1 d𝐻𝐻𝐻𝐻     (11) 

Note 𝑝𝑝 is a piecewise function from the distribution in Fig-
ure 5. Table 2 summarises the mean HB-loop power for 
the four parallel compressor configurations.  Approxi-
mately 25 % reduction in mean HB-power is achieved by 
operating with two parallel compressors, while further 
power savings are less significant for three and four par-
allel compressors.  
 

 
Figure 4:  a) HB-power requirement and b) Specific ammonia production cost across the operating envelope with 
one, two, three and four parallel compressor trains.        
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Table 2: Mean HB-power with one, two, three or four  
compressor trains in parallel. 

Par compressors     
Mean HB-power 
[MW] 

    

    
Figure 5. Probability density distribution of the synthesis 
loop load.  

 
Figure 6. Total compressor cost (CAPEX + OPEX) for 15 
years of operation with one, two, three or four 
compressor trains in parallel. 

The compressor capital costs are assessed using 
the bare module cost (BMC) method described in [9]. 
Electricity is the only operational cost differentiating the 
parallel compressor configurations. We assume a rela-
tively conservative electricity price of 0.045 $/kWh.  Fig-
ure 7 displays the compressor systems' total cost (CAPEX 
+ OPEX) as a function of years of operation. Naturally, the 
initial capital cost increases with the number of parallel 
compressors. However, the reduced electrical utility cost 
relatively quickly outweighs the additional capital costs. 
After ten years, operating with two, three, and four par-
allel compressor trains saves 8.06%, 8.29% and 7.11% of 
total costs, compared to a single train configuration. Ad-
ditionally, from the redundancy principle, the reliability of 
the synthesis loop is significantly enhanced with more 
parallel compressors. Specifically, with three parallel 

trains, near full-load operation can be maintained using 
the remaining two compressor trains if one is out of func-
tion. Therefore, considering economic and reliability fac-
tors, we recommend the configurations with two or three 
parallel compressors for operation in a PtA plant. 

5 CONCLUSION  
In this work, we have introduced a static model of 

an ammonia synthesis loop to evaluate the total synthe-
sis loop power. The power function was minimised to 
identify the optimal operating parameters for reactor bed 
inlet temperatures, reactor inlet pressure, separator tem-
perature and reactor N2/H2-ratio. The optimisation was 
performed across the operating window from 10 % to 
120% of nominal make-up feed hydrogen flow. This 
demonstrated that the compressor anti-surge limit 
strongly impacted the synthesis loop power at reduced 
loads. The surge boundary constrained the reduction in 
compressor power, resulting in an increase in total HB-
loop power at low loads. To mitigate losses from anti-
surge recycling, we evaluated configurations with multi-
ple compressors operating in parallel. Optimisation re-
sults showed substantial reductions in HB-loop power at 
reduced loads: 55%, 74%, and 84% for two, three, and 
four compressor trains, respectively. This corresponded 
to total cost savings of 8.06%, 8.29% and 7.11%, respec-
tively, compared to a single train configuration. Addition-
ally, considering the enhanced reliability of configura-
tions with parallel compressors, we recommended the 
configurations with two or three parallel compressor 
trains. 
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