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a b s t r a c t
Fertiliser production makes a significant contribution to energy consumption and greenhouse gas 
emissions. The analysis of emission factors was carried out on a data set spanning from 2013 to 2015 
for the whole chain of fertiliser production from raw materials up to the final products – ammonium 
nitrate, ammonium sulphate, urea in prilled form and liquid fertilisers based on them. The carbon 
footprint was calculated in compliance with the Standard ISO 14067:2013. The calculations were based 
on the gate-to-gate analysis. Analysis showed carbon footprint reduction after technological modifi-
cations – modernisation of a Benfield section, for example, absorption of gaseous CO2 in propylene 
carbonite and potassium carbonite solutions, with the recovery of the pure CO2, resulting in reduction 
of energy consumption from 35.3 to 33.3 GJ/Mg NH3 – change of the N2O decomposition catalysts, 
resulting in reduction of N2O emission factor from 2 to 0.9 kg N2O/Mg HNO3. Life cycle assessment 
is a useful tool, which can be used in the decision-making process for factory modernisation and 
improvement the production processes.
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1. Introduction

The reasons for the increasing use of fertilisers in agri-
culture are growing population as well as and the increased 
demand for raw materials and renewable energy as biofu-
els [1,2]. The growth in N fertiliser consumption exceeds the 
corresponding increase in crop yield [3]. During fertiliser 

production significant amounts of energy are consumed and 
carbon dioxide (CO2) and other greenhouse gases (GHGs) are 
emitted [4–6].

Park et al. [7] indicated fertiliser production as one of 
five dominant industrial branches influencing the climate 
change. Goucher et al. [8] demonstrated that wheat cultiva-
tion with the use of ammonium nitrate (AN) fertiliser may be 
considered responsible for more than 50% of total impact of 
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the loaf of bread production on the environment. The scale of 
the influence of fertiliser usage on the environment is so big 
that even its small decrease may be substantial.

Carbon footprint (CF) allows us to take into account all 
the factors which may have an impact on the environment 
during the entire life time of product [9,10]. The gate-to-gate 
approach was selected to verify a possibility of the decrease 
of the fertiliser impact on the environment. The gate-to-gate 
analysis focuses on one process or stage and ignores all the 
steps which precede or follow it.

The question is what kind of actions can be undertaken by 
the largest Polish and the second largest in the EU manufac-
turer of nitrogen fertilisers to reduce the CF of its products?

2. Materials and methods

Data from 2013–2015 were used to determine the GHG 
emission factors for the fertiliser production by the Grupa 
Azoty ‘Puławy’ S.A. (GA ZAP) plant. The GA ZAP is located 
in central Poland in Lubelskie Voivodeship. It is the big-
gest plant production of nitrogen fertilisers in Poland. 
Intermediate products and fertilisers are manufactured on 
the site.

CF was calculated for the following fertilisers:

•	 ammonium nitrate,
•	 ammonium sulphate (AS),
•	 urea in prilled form,
•	 aqueous solution of urea and AN (UAN 32),
•	 aqueous solution of urea and AS (UAS), and
•	 UAN 32 and UAS solutions.

In terms of energy consumption, their manufacturing 
involves the use of electrical energy as well as that of medium- 
and high-pressure process steam. Introduced in 2011, technolog-
ical modification revamping of a Benfield section in the natural 

gas steam reforming unit has significantly reduced the energy 
consumption. Natural gas is the main constituent of the pro-
cesses stream, used in the synthesis of ammonia, as a fuel and a 
substrate. Another important fuel is bituminous coal, which is 
burned in the combined heat and power plant to generate pro-
cess steam and electrical energy. The level of the own-produced 
electrical energy being insufficient, additional electrical energy 
has to be purchased from the Polish national power grid.

The CF of selected fertilisers was calculated according to 
the Standard ISO 14067:2013 [11]. The gate-to-gate approach 
was used, where only inputs and outputs associated with the 
processes within the production site were included. The fac-
tors were calculated for the following processes:

•	 synthesis of ammonia,
•	 production of nitric and sulphuric acids, and
•	 production of fertilisers.

Emissions from both off-site and on-site energy produc-
tion were taken into account. The calculations of the emis-
sion factors for individual processes, based on the company’s 
European Union Emission Trading System (EU ETS) moni-
toring data, were conducted using ‘Fertilizers Europe’ meth-
ods. GHG emissions associated with all activities identified 
within the system boundaries were in case of N2O deter-
mined by direct measurements, and in case of CO2 estimated 
according to the standard method. The following general for-
mula (1–GA ZAP formula) was used in calculations of the CF 
values for the individual components, identified according to 
the emission sources (Fig. 1):

CF F H E Gj i j i j i j i j= + + +Σ Σ Σ Σ/ / / /· · · · ·     EF EF EF EF GWPFi Hi Ei Gi �(1)

CF of finished products is sum of intermediate products 
and energy CF (2).

Fig. 1. GHG emission sources from fertiliser production in GA ZAP factory.
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CF      p j p j p pF H E= + +Σ Σ Σ/ · · ·CF EF EFH E � (2)

Above formulae are adapted to the fertiliser technological 
processes in GA ZAP. Prilled AN calculations of CF in 2013 
are contained in Table 1. The production process includes 
two stages – neutralization of nitric acid with ammonia 
(intermediate product – AN solution) and concentration and 
granulation of AN melt (finished product – prilled AN).

Urea fertilisers are produced in reaction of ammonia with 
carbon dioxide. Also considered was the utilisation of steam 
generated in the production units of ammonia, nitric acid 
and sulphuric acid. The GHG emissions (Fig. 1) from the pro-
duction of nitrate fertiliser come mainly from two sources: 
emission of nitrous oxide (N2O) from nitric acid production 
and that of CO2 from the use of fossil fuels as energy sources 
and feedstock in ammonia synthesis.

In addition to the aforementioned modification of the 
Benfield process, the second major technological change affect-
ing the reduction of CF was the installation in 2012 of a new 
N2O emission reduction catalyst to reduce the N2O emission in 
tail gas, for example, absorption of gaseous CO2 in propylene 
carbonite and potassium carbonite solutions, with the recovery 
of the pure CO2. That new catalyst decomposes nitrous oxide 
formed in course of the nitric acid production to N2 and O2.

3. Results and discussion

Ammonia and nitric acid contribute significantly to total 
emissions, and they are the primary intermediate products 
used in the production of nitrogen fertilisers. The revamp-
ing of the Benfield installation in 2011 reduced energy con-
sumption by about 10% (Fig. 2). Ammonia synthesis is a very 
energy-demanding process. The emissions from natural gas 
consumption form the main input to the ammonia CF. The 
CO2 from the synthesis gas is used in urea production and is 
included as an emission credit.

The plants manufacturing similar fertilisers significantly 
differ with regard to their emission factors [12]. That is due to 
the differences in plant design, emission control mechanisms 

and feedstocks [12]. Nitrous oxide and feedstock make the 
largest contribution to the GHG emissions from nitric acid 
production. Its warming potential is 298 times higher than 
that of CO2 [13,14]. Contribution of emission source for level 
of CF chart shows a relatively higher input from the off-site 

Table 1
Example calculations of carbon footprint for ammonium nitrate prilled production process in 2013 in GA ZAP factory

Stream Unit Consumption 
(Unit/Mg AN)

EF  
(Mg CO2/Unit)

CF  
(Mg CO2/Mg AN)

N contented in AN  
(Mg N/Mg AN)

CF  
(Mg CO2 / Mg N)

Ammonia F Mg 0.209 1.927 0.403 0.3501 1.151
Nitric acid F Mg 0.792 0.787 0.623 0.3501 1.779
Electrical energy E MWh 0.004 0.729 0.003 0.3501 0.009
Ammonium nitrate solution (100% conversion) carbon footprint 
(summary)

1.029 0.3501 2.939

AN solution F Mg 1.000 1.029 1.029 0.34 3.026
Magnesium 
nitrate

F Mg 0.012 0.706 0.008 0.34 0.024

Electrical energy E MWh 0.026 0.729 0.019 0.34 0.056
Steam H GJ 0.499 0.103 0.051 0.34 0.150
Prilled ammonium nitrate carbon footprint (summary) 1.107 0.34 3.256

Source: GA ZAP data.
EF – Feedstock/fuel emission factor; F – Feedstock/fuel consumption factor; E – Electrical energy consumption factor; H – Steam consumption factor.
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Fig. 2. Energy consumption in ammonia production in 2011–2015 
in GA ZAP factory.
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Fig. 3. Contribution of emission source for level of fertilisers 
carbon footprints in 2015 in GA ZAP factory.
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electrical energy production comparing with the on-site one 
(Fig. 3). The installation of the new decomposition catalyst 
results in a significant decrease in the N2O emission factor 
through reduction of the concentration of N2O in tail gas 
(Fig. 4). In 2013–2015 measured emissions of N2O (see Fig. 4) 
were found to be lower than the EU-ETS benchmark values 
calculated for the listed products, heat production and fuel 
combustion reported by Hipolito [15]. After the construction 
of the new nitric acid plant the reduction in N2O emissions 
from production is expected. Among the analysed fertilisers, 
prilled urea has the largest CF (Fig. 5). This results from the 
fact that carbon dioxide is bound in urea and has to be con-
sidered as a part of the emissions.

Natural gas is a raw material for ammonia production in 
as much as 80% of the world ammonia production [16]. That 
process is characterised by high energy consumption caus-
ing high CO2 emissions and, hence, high CF values (Fig. 5). 
The theoretical limit for the energy consumption of that pro-
cess is about 27 GJ/Mg NH3 [17]; therefore, emissions can be 
reduced only to a certain level. The currently built plants 
producing NOx consume about 30% less energy than those 
built 40 years ago [18]. In China, the process of ammonia pro-
duction is energy-demanding, that is, requiring as much as 
51.3 GJ/Mg NH3-N, compared with 43.7 or 32.8 GJ Mg NH3-
N−1 with more advanced or the best technologies worldwide, 

with urea as the main product with energy consumption 
about 8.9  GJ Mg N−1 [19]. Research carried out by Natural 
Resources Canada demonstrated that the total amount of 
CO2 arising from ammonia production falls within the range 
of 2.0–2.7 Mg CO2/Mg NH3-N, while the mean global level is 
2.6 Mg CO2/Mg NH3-N [20,21]. The carbon dioxide emissions 
from ammonia production in 2015 in the GA ZAP plant did 
not exceed 1.92 Mg CO2/Mg NH3, whereas in the past in the 
Netherlands that amounted for 2.16  Mg CO2/Mg NH3 [22]. 
Through life cycle assessment (LCA) calculation it is demon-
strated that new technology not only improved products but 
also reduced CO2 emission to the atmosphere. The level of the 
carbon dioxide emissions from nitric acid production line in 
the GA ZAP is 0.71 Mg CO2/Mg product. In the UAN fertiliser 
production line in the GA ZAP, 1.07 Mg CO2/Mg product is 
released into the atmosphere, compared with 1.17 Mg CO2/
Mg product from another European plants [23]. According 
to EU-ETS principles, CO2 recovered from the CO2 removal 
section in ammonia plant, and subsequently used in urea 
production, should be included into the urea CF calculation. 
In the production of prilled urea, in 2015, the Polish plant 
released barely 1.66 Mg CO2/Mg product into the atmosphere, 
while the mean level CO2 the past emissions in Europe were 
of 1.85 Mg CO2/Mg product [4]. Among the fertilisers of con-
cern, the highest level of emission of CO2 is related to the pro-
duction of prilled urea. It should be however indicated that 
CO2 is also used for urea production. This gas remains bound 
in the product (0.733 Mg CO2/Mg product) until the fertiliser 
biodegradation on farmer’s field. The highest contribution to 
the CF of the fertilisers of concern is due to the CO2 emissions 
from the feedstock.

4. Conclusions

The technological improvements and the sustainable use 
of resources and energy, provide the manufacturers of fer-
tilisers with measures to reduce GHG emissions and hence to 
reduce the CFs of their products.

The most important part of fertilisers’ CF is emissions 
from the use of feedstock and the off-site energy consumption.

The actions that the company undertook to reduce CO2 
emissions were as follows:

•	 revamping of the Benfield section, what contributed 
to the decrease of the energy consumption by 10% and 
reduction of CO2 emission, thus reducing the plant’s 
overall energy consumption

•	 change of N2O decomposition catalyst in tail gas, which 
resulted in a decrease in N2O emissions by 50%

The investments have given positive effects by decreas-
ing of CF to the level below 3.6 Mg CO2/Mg N for each of the 
intermediates and final products.
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2014 and 2015.
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Symbols

CFj	 —	� Intermediate product j carbon footprint, Mg 
CO2eq/Mg j

Fi/j	 —	� Feedstock/fuel i consumption factor (natural gas, 
off-gas, etc.) on intermediate product j, Mg i/Mg j 
or 1,000 m3 i/Mg j

EFFi	 —	� Feedstock/fuel i emission factor, Mg CO2/Mg i or 
Mg CO2/1,000 m3 i

Hi/j	 —	� Steam consumption factor on intermediate prod-
uct j, GJ/Mg j

EFHi	 —	 Steam emission factor, Mg CO2/GJ
Ei/j	 —	� Electrical energy consumption factor on interme-

diate product j, MWh/Mg j
EFEi	 —	� Electrical energy emission factor, Mg CO2/MWh
Gi/j	 —	� Nitric acid consumption factor on intermediate 

product j, Mg HNO3/Mg j
EFGi	 —	� Nitrous oxide emission, Mg N2O/Mg HNO3

GWP	 —	� Global warming potential (GWPCO2  =  1, 
GWPN O2

 = 298), Mg CO2eq/Mg N2O
CFp	 —	� Finished product p carbon footprint, Mg CO2eq/

Mg p
Fj/p	 —	� Intermediate product j consumption factor on 

product p, Mg j/Mg p
CFj	 —	� Intermediate product j carbon footprint, Mg CO2/

Mg j
Hp	 —	� Steam consumption factor on product p, GJ/Mg p
EFH	 —	� Steam emission factor, Mg CO2/GJ
Ep	 —	� Electrical energy consumption factor on product 

p, MWh/Mg p
EFE	 —	� Electrical energy emission factor, Mg CO2/MWh
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