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Abstract
Purpose In Poland, coal is the main fuel used for heat produc-
tion. Innovative clean coal technologies, which include under-
ground coal gasification (UCG), are widely developed. This
paper presents the analysis results of life cycle assessment
(LCA) and material flow analysis (MFA) of using synthesis
gas from UCG for heat production. The paper presents the
results of a comparative analysis of MFA and LCA for four
variants of heat production, which differed in the choice of
gasifying agent and heat production installations.
Methods Environmental analysis was made based on LCA
with ReCiPe Midpoint and ReCiPe Endpoint H/A method,
which allowed to analyse of different categories of the envi-
ronmental impact. LCA was performed based on the ISO
14040 standard using SimaPro 8.0 software with Ecoinvent
3.1 database (Ecoinvent 2014). Umberto NXT Universal soft-
ware was used to develop MFA for heat production. LCA
analyses included hard coal from a Polish mine and synthesis

gas obtained in the experimental installations in the Central
Mining Institute in Poland.
Results and discussion MFA performed for technology of uti-
lizing gases from UCG have made it possible to visualize ma-
terials and energy flow between different unit processes in the
whole technological chain. Moreover, the analyses enabled
identification of unit processes with the largest consumption
of raw materials, energy and the biggest emissions into the
environment. It has been shown that the lowest environmental
burden is attributed to the technology, which uses high-pressure
chamber with gas turbine in which the synthesis gas from UCG
is burned and oxygen was a gasifying agent. Analysis of LCA
results showed that the major environmental burden includes
greenhouse gas (GHG) emission and the fossil fuels depletion.
GHG emission results primarily from the direct emission of
CO2 from gas combustion for heat production and electricity
consumption used in gasifying agents preparation phase.
Conclusions In order to increase the environmental efficiency
of heat production technology using UCG, the most important
activity to be considered is limitation of dust-gas emissions,
including primarily CO2 removal process and efficiency in-
crease of the installation, which is reflected in the reduction of
coal consumption. It is important to highlight that this is the
first attempt of MFA and LCA of heat production from UCG
gas. Since no LCA has ever been conducted on the heat pro-
duction from underground coal gasification, this study is the
first work about LCA of the heat production from UCG tech-
nology. This is the first approach which contains a whole
chain of unconventional heat production including prepara-
tion stages of gasifying agents, underground coal gasification,
gas purification and heat production.
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1 Introduction

Technology of underground coal gasification (UCG) is
regarded as one of clean coal technologies. UCG may
provide an alternative to the conventional coal mining
technology previously used in mines where deposits,
due to technical and economic reasons, are not suitable
to be exploited with traditional mining methods.
Underground coal gasification technology, in compari-
son to other methods of processing this raw material
for energy, is very attractive from the point of view
of investment costs, as it does not require building
expensive infrastructure. An additional advantage of
UCG technology is its environmental aspect, such as
the lack of solid waste (ash and slag) and lower emis-
sion of pollutants into the air (Kapusta and Stańczyk
2011; Kapusta et al. 2013; Smolinski et al. 2012;
Smolinski et al. 2013). The scientific papers present
an analysis of the aspects of UCG process impact on
the environment, including major environmental prob-
lems such as pollution of groundwater. The product of
the underground coal gasification is synthesis gas,
which can be used in the production of heat, energy
and in the chemical industry. The use of gas from
UCG to generate electricity and heat arises mainly from
its low calorific value. The calorific value of process
gas depends on a number of factors, among others, the
quality of coal and type of gasifying agents (Friedmann
2011). Due to the costs, air or air enriched with oxygen
is most commonly used for the gasification. In the case
of coal gasification with oxygen only, the costs of the
process significantly rise, yet gas with higher calorific
value is obtained, but also containing higher levels of
carbon dioxide. In the Central Mining Institute in
Poland, UCG studies are carried out on a laboratory
and pilot scale targeted to obtain gas with a high hy-
drogen content (Kapusta and Stańczyk 2011; Kapusta et
al. 2013; Smolinski et al. 2012; Smolinski et al. 2013).
Detailed description and an overview of the under-
ground coal methods and application possibilities of
this technology are shown in the papers (Yang et al.
2008; Liu et al. 2009; Olateju and Kumar 2013;
Żogała 2014; Janoszek et al. 2013). The composition
of the gas from UCG differs depending on the type
of gasified coal, gasifying agent used, the existing pres-
sure and temperature. In order to use the resulting syn-
thesis gas derived from UCG to produce heat, it must
be purified (Gil and Mocek 2013). The gas from un-
derground coal gasification, in spite of low calorific
value can provide alternative fuel gas, the conversion
of which in the combustion chamber allows a stream of
heat to be generated. This heat can be used for heating
purposes, hot water production, or be converted to the

form of electricity in the steam turbine system (Gil and
Mocek 2013). Scant attention is paid to the environ-
mental aspects of UCG use towards the heat production
in subject literature. Environmental, technical, and eco-
nomical analysis of coal gasification processes was
shown by Man et al. (2014). In recent years, life cycle
assessment for heat and energy systems has been wide-
ly studied (Zarębska and Dzikuć 2013; Lewandowska et
al. 2015; Pang et al. 2015; Ghafghazi et al. 2011). In
literature, life cycle inventory of electricity production
was presented by Dubreuil (2001) and energy consump-
tion in steel production were published by Bieda (2011,
2012a, b) and Burchart-Korol (2013a). However, so far,
there is a lack of papers related to the analysis of LCA
for heat production from UCG. In the reference litera-
ture, there are a few papers on life cycle assessment of
the process of underground coal gasification to produce
electricity, and it has been demonstrated there that un-
derground gasification technology is effective and there
is low environmental impact (Saliyeva et al. 2014;
Hyder et al . 2014; Ag Mohamed et al . 2011;
Blinderman 2004; Blinderman and Jones 2002; Hyder
et al. 2012). Hyder et al. (2014) demonstrated that the
technology for the production of electricity using un-
derground coal gasification is characterized by lower
greenhouse gas emissions, as compared to conventional
coal combustion. In the paper Torres et al. (2014), it
has been found that efficient sustainable management of
underground coal gasification process is possible to be
accomplished. Previous results of LCA assessments for
underground coal gasification for electricity production present-
ed in the reference literature refer only to the emission of green-
house gases. MFA of electricity production on the basis of the
underground coal gasification to date was presented in the pa-
per (Czaplicka-Kolarz et al. 2014a). MFA enables visualization
of materials and energy flow and an identification of the unit
processes with the highest consumption of raw materials and
energy, and emissions of pollutants into the environment. Until
now, the authors evaluated LCA and eco-efficiency of coal
gasification technologies for electricity production system
(Burchart-Korol et al. 2013; Czaplicka-Kolarz et al. 2014b).
So far, there are no papers in the subject literature concerning
LCA of heat production from UCG, scarce literature refer only
to LCA analysis of electricity production and mainly focus on
the greenhouse gases emissions.

The objective of this paper was to assess the poten-
tial environmental impact of heat production technology
from gas obtained from underground coal gasification
using MFA and LCA technique. This article for the first
time presents MFA and LCA analysis results. In this
paper, the results of analysis for four scenarios of heat
production, based on coal gasification process, have
been shown.
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2 Materials and methods

2.1 Goal and scope of analysis

The purpose of this paper was MFA and LCA analysis
of heat production technology from underground coal
gasification: from gasifying agents preparation, coal gas-
ification, through purification of gas obtained from
UCG to the stage of heat production. Comparative anal-
yses were performed of four scenarios depending on the
type of gasifying agents (oxygen, air) and the installa-
tions of gas combustion (boiler, turbine). For compari-
son purposes, all analyses were related to the same
functional unit. The function of the system is heat pro-
duction from UCG. The functional unit was 1 GJ of the
produced heat. The system boundary comprises all unit
processes from the preparation of gasifying agents,
through coal gasification, gas purification to obtaining
the heat (Fig. 1).

2.2 Data inventory

To perform MFA and LCA analyses of considered scenarios
of heat production from underground coal gasification, mainly
the data from experiments and tests carried out in Poland
within the framework of the national project: BDevelopment
of coal gasification technology for high production of fuels
and energy^ funded by the National Center for Research and
Development under the Strategic Programme for Research and
Development titled: BAdvanced energy generation
technologies^ were used. On the basis of this data, a model
layout for heat production using underground coal gasification
was developed. So far, there have been no analytical results
published in reference literature concerning the production of
heat fromUCG. LCA analyses take into account data on nation-
al coal and synthesis gas obtained in experiments by the Central
Mining Institute (Stańczyk 2015). In accordancewith the project
guidelines, two types of synthesis gas combustion installations
were used. The analysis was performed for the power of 50
MWt, for the two devices, in which gas from UCG can be
burned: for a chamber, in which fuel is burned under atmospher-
ic pressure (boiler), as well as for high-pressure chamber

with gas turbine (turbine). Detailed description of the analysed
solutions is presented in the papers (Gil and Mocek 2013; Gil
and Mocek 2013). The operation of these installations is related
to heat losses. Part of the heat supplied to the combustion cham-
ber in the form of fuel is used for the production of steam, this is
the so-called usable heat, the rest constitutes a loss. The most
significant heat loss is the chimney loss. MFA and LCA analy-
ses were performed for two types of gas derived from hard coal
gasification with parameters provided in Table 1. The parame-
ters of synthesis gas taken into consideration in the analyses are
presented in Table 2. Process gas G1 was formed during hard
coal gasification, where air formed the gasifying agent. The
process gas G2 was formed by coal gasification, where the
gasification factor was oxygen. Table 3 shows the characteristics
of the analysed scenarios. A life cycle inventory (LCI) of each
scenario of heat production is shown in Table 4, where the CK
means gas combustion in the boiler while CT stands for gas
combustion in the turbine.

All raw materials, fuel and additives, and electricity re-
quired to operate the processes were considered in the system
boundaries, while intermediate products (internal flow) were
excluded from the analysis. LCA included all external data
used in the heat production process, the emissions and
wastewater.

2.3 MFA method

MFAs consisted in developing models of material flow net-
work using Umberto software, on the basis of which Sankey
diagram was developed. Material flow networks consist of
transitions, places and arrows. Graphic forms of the elements
are presented in Fig. 2.

Each of the elements of a flow network plays a different
function there (Wohlgemuth et al. 2006):

& Transitions—unit processes; in a flow network they are
presented as squares, materials and energy are processed/
transformed in transitions, they represent unit processes in
a given system.

& Places—three types of places are distinguished: input, out-
put, and connections. Input and output are presented as
circles in a flow network. Input characterizes everything

Preparing the 
gasifying agent 

UCG

Process gas
purifica�on

Heat produc�on

HEAT Waste, 
emissions

Gasifying agent 

Purified gas

Raw gas

System boundary

Fig. 1 The system boundary of
heat production based on UCG
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that enters a given system from the environment/outside.
Output is everything that leaves the system and goes out-
side to the environment. Input and output are the places
which link the system with the environment. In flow net-
works, connections are presented as two concentric cir-
cles. Connections are located between transitions, they
are Bbuffers/reserves^, which are successively used and
replenished by the flow. They link individual unit process-
es in an analysed system if there is no storage stage be-
tween the unit processes. The output of one unit process is
matched by the input of another unit process, or unit
processes.

& Arrows—they connect places and transitions, building the
structure of a material and energy flow network. They
show the flow, and how much material and energy is
transported between places and transitions.

2.4 LCA method

Attributional life cycle assessment (LCA) was used to assess
the potential environmental burdens of the analysed scenarios

for heat production. The LCA was conducted following the
requirements of the ISO 14044:2006 International Standards.
The four stages of the LCA applied in the paper included goal
and scope determination, system boundary analysis; inventory
analysis of inputs and outputs; life cycle impacts assessment;
and interpretation. The life cycle assessment was carried out
using the LCA software package SimaPro v.8.0 (Pre
Consultants B.V) and the Ecoinvent 3.1 database (Ecoinvent
2014) within the program. The study performed an environ-
mental evaluation according to the ReCiPe method. The re-
sults of the LCIA methods were calculated and the main
sources of environmental burdens were identified. The prima-
ry objective of the ReCiPe Midpoint and ReCiPe Endpoint H/
A method (Goedkoop et al. 2013) is to transform the long list
of life cycle inventory results presented in a study into a lim-
ited number of indicator scores, which express the relative
severity of an environmental impact category. In ReCiPe, the
indicators are determined at two levels with 18 midpoint indi-
cators and three endpoint indicators. ReCiPe method allows
for a quantitative assessment of the greenhouse gas emission,
human health, resource consumption and other impact cate-
gories. The basic structure of the impact assessment method is
comprised of characterization, damage assessment, normali-
zation and weighting, the last three of which are optional
according to the ISO standards. In this study, the LCIA (life
cycle impact assessment) phase includes mandatory and op-
tional elements.

3 Results and discussion

3.1 Results of material flow analysis

TheMFA application allowed for the development of material
flow network of heat production from UCG (Fig. 3). On the
basis of the developed network model, flow analyses were
performed in the form of Sankey diagrams for all analysed
scenarios, so that inventoried input and output data converted
into functional units are presented. Table 5 shows the main
inventoried data for individual scenarios.

Figures 4, 5, 6, and 7 present material flow analysis (MFA)
in the form of Sankey diagrams for the fourmodel scenarios of

Table 1 Parameters of hard coal sample from Polish coal mine used in
the analysis

Parameter analytical Quantity

Total moisture Wa, % 5.67

Ash Aa, % 10.21

Volatiles Va, % 28.68

Heat of combustion Qs
a, kJ/kg 26.800

Calorific value Qi
a, kJ/kg 25.669

Total sulphur St
a, % 0.93

Carbon Ct
a, % 66.00

Hydrogen Ht
a, % 3.7

Nitrogen Na, % 0.95

Table 2 Parameters of gases used for heat production

Syngas parameter G1 G2
Gasifying agent Air Oxygen

Gas composition, % vol.

CO2 13.79 26.11

CH4 2.63 3.00

H2O 5.84 5.82

H2 11.07 29.48

N2 56.51 3.62

CO 9.66 31.07

H2S 0.08 0.19

CnHm 0.42 0.71

Gas heating value, MJ/Nm3 3.54 8.33

Table 3 Characteristics of the analysed scenarios

Scenario Symbol Gasifying
agents

Installation
of gas combustion

Efficiency of the
heat production (%)

1 CKG1 Air Boiler 88

2 CTG1 Air Gas turbine 90

3 CKG2 Oxygen Boiler 79

4 CTG2 Oxygen Gas turbine 87

Int J Life Cycle Assess (2016) 21:1391–14031394



using gas from UCG for heat converted into the functional
unit, taking into account the unit processes:

Phase 1—preparation of gasifying agents
Phase 2—underground coal gasification
Phase 3—purification of gas from gasification
Phase 4—synthesis gas combustion for heat production

Based on the MFA results have been shown that
CKG2 variant is characterized by the highest consump-
tion of electricity. Variants, in which a turbine was used
for heat production, are characterized by lower values of
CO2 emissions. In variants in which G1 gas (gasifying
agent—air) was used for the heat production, the coal
consumption was much greater than in the case of G2
gas (gasifying agent—oxygen). Among the analysed
technologies, the most considerable electricity consump-
tion occurs in scenarios where the gasifying agent was
oxygen, which is related to the preparation of the gas-
ifying agents. Unit consumption of G2 gas is much
lower than in the case of using G1 gas, it is associated

Table 4 A life cycle inventory
(LCI) of heat production from
UCG

Process CKG1 CTG1 CKG2 CTG2

ASU Input Air, kg/h

Electricity, MWe

45,380

0.32

46,376

0.32

34,246

1.73

34,413

1.74

Output Compressed air, kg/g

Oxygen, kg/h

Nitrogen, kg/h

45,380

0

0

46,376

0

0

0

7876

24,314

0

7915

24,433

UCG Input Coal, kg/h

Compressed air, kg/h

Oxygen, kg/h

18,447

45,380

0

18,852

46,376

0

6640

0

7876

6673

0

7915

Output Raw gas, kg/h 59,400 60,704 21,384 21,488

Raw gas

Purification

Wet

Scrubber

Input Raw gas, kg/h

Water, kg/h

Electricity, MWh

59,400

9135

0.69

60,704

9336

0.70

21,384

3288

0.25

21,488

3304

0.25

Output Purified gas, kg/h

Waste water, kg/h

Tar, kg/h

54,000

13,283

667

55,186

13,529

691

19,440

4765

243

19,534

4789

244

Heat

Production

Input Purified gas, kg/h

Air, kg/h

Electricity, MWe

54,000

53,233

0,11

55,186

148,521

0.3145

19,440

48,712

0.1031

19,534

13,386

0.2835

Output Heat, MW

Energy losses, MW

Exhaust gases, kg/h

CO, kg/h

CO2, kg/h

NOx, kg/h

SO2, kg/h

Other emission, total (N2, H2O,
H2, O2), kg/h

44.05

5.1

83,062

12.1

24,082

20.89

104.7

83071.42

45.11

4.1

179,376

800

23,519

9.29

2.14

45668.27

39.67

10.3

45,668

63.4

22,277

89.7

100.2

179376.8

43.47

3.9

130,892

71

22,399

33.85

0.85

110033.6

Fig. 2 A graphic representation of flow network elements
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with a high calorific value of G2 gas, which is 8 MJ/
m3. Such high calorific value of gas is due to the use of
oxygen as a gasifying agent.

3.2 Results of life cycle assessment

This is the first study to express heat production from UCG in
terms of LCA. On the basis of the LCA analysis using ReCiPe
Midpoint method for the model gas systems from UCG for
heat production, environmental indicators were obtained in
each impact category, as shown in Table 6.

On the basis of the characterization results, it cannot be
specified in which categories the impact should be considered
as significant, nor compare indicators for the various impact
categories. Therefore, the next stage of the LCA analysis was
normalization, which resulted in the relative significance of
the environmental impact category compared to the impact of
this type occurring in Europe. The results of LCA of analysed
scenarios in normalization phase according to ReCiPe
Midpoint method are shown in Table 7.

It was found that the most significant impact cate-
gories in the case of the analysed heat production tech-
nology systems based on the underground coal gasifi-
cation includes fossil depletion, climate change, terres-
trial acidification, human toxicity, freshwater eutrophi-
cation, freshwater ecotoxicity, marine ecotoxicity, par-
ticulate matter formation and photochemical oxidant
formation. The next stage of the LCA was weighting
of results. A set of indicators given in Table 8 was
adopted. Table 9 shows the main factors that affect
the various damage categories in accordance with the
ReCiPe Endpoint H/A method.

Analysis of the results after normalization and
weighing shows that total environmental indicator
ReCiPe 2008 is affected mainly by the indicators in
the category of greenhouse gas emissions and the deple-
tion of fossil fuels. Emission of greenhouse gases is the
impact category with the highest indicator for all the
analysed variants, which in the case of the analysed
technologies is connected primarily with CO2 emissions.

Fig. 3 A model of the heat production technology from UCG gas

Table 5 Consumption of raw
materials, electricity and
emissions per 1 GJ of heat output

CKG1 CKG2 CTG1 CTG2

Hard coal, kg/FU 116.33 46.50 116.09 42.64

Purified gas, kg/FU 340.52 136.12 339.82 124.83

Electricity, kWh/FU 7.08 14.65 8.22 14.46

CO2, kg/FU 151.86 155.99 144.83 143.13

CO, kg/FU 0.08 0.44 4.93 0.45

SO2, kg/FU 0.66 0.70 0.01 0.005

NOx, kg/FU 0.13 0.63 0.06 0.22

Other emission, total (N2, H2O, H2, O2), kg/FU 523.79 319.78 1104.56 836.42

Heat losses, GJ/FU 0.12 0.26 0.09 0.09

Int J Life Cycle Assess (2016) 21:1391–14031396



Higher emissions of GHGs were found in the boiler
rather than turbine gas combustion technology. This is
primarily due to lower unit CO2 emissions for the var-
iants where the gas turbine has been used. The highest
consumption of fossil fuels was found in the variants,
where G1 gas is used for heat production whereas the
lowest in variants in which G2 gas is burned. Higher
consumption of fossil resources occurs in gas combus-
tion technology using the boiler rather than turbine for
G2 gas, while for G1 gas the situation is reversed, but
the difference amounts to only 3.26 kg oil eq. After the

stage of normalization and weighting of the obtained
results it was found that the lowest total value of the
environmental impact indicator takes place in CTG2
variant, and the highest in CKG1. By comparing the
indicators with respect to the combusted gases G1 and
G2, it has been shown that the gas of lower calorific
value G1, where air is gasifying agent, has the highest
influence on the environment. In the case of heat pro-
duction technology, where gas G1 was used, the highest
unit consumption of coal and the highest consumption
of purif ied gas was found. By comparing the

Fig. 4 1Material flow analysis (MFA) of CKG1 technology

Fig. 5 Material flow analysis (MFA) of CKG2 technology

Int J Life Cycle Assess (2016) 21:1391–1403 1397



environmental burden of the technology utilizing gases
for heat production by means of different installations, it
has been shown that the gas combustion systems with
the use of a turbine have a lower impact on the envi-
ronment in all impact categories. This is primarily due
to lower unit coal consumption, lower unit consumption
of synthesis gas and lower CO2 emissions than in the
situation when the boiler was used. There was also
much lower heat loss which increases the efficiency of
the process.

Results of LCA analyses showed that the CKG2 var-
iant is harmful to the environment to the greatest extent
in all impact categories except for the impact of fossil

fuels consumption. The results obtained for other vari-
ants are comparable, yet only in the case of the catego-
ry—fossil fuel consumption, there are significant differ-
ences depending on the gasifying agent used. LCA anal-
ysis results obtained using weighting and normalization
reflect the results obtained in the analysis of MFA. It
has been shown that the least burden to the environment
has CTG2 variant (gasification with oxygen, the
turbine).

Additionally comparative assessment for heat produc-
tion from natural gas and coal heating system was per-
formed. Figure 8 shows the results of comparative LCA of
heat production from UCG, natural gas and coal heating

Fig. 6 Material flow analysis (MFA) of CTG1 technology

Fig. 7 Material flow analysis (MFA) of CTG2 technology

Int J Life Cycle Assess (2016) 21:1391–14031398



system taking into account the stages of normalization and
weighting, divided into various damage categories: impact
on human health, on the ecosystem and resources
consumption.

The LCA analysis showed that Scenario CKG1 had a
greater environmental impact than the other scenarios,
natural gas and coal heating system. It was found that

in the case of heat production from coal the highest
impact on the environment occurred in the category of
human health and in the case of heat production from
natural gas the highest impact on the environment oc-
curred in the category of resources. It also appeared that
heat production from natural gas had a less impact than
the other scenarios.

Table 6 Results of LCA (ReCiPe
Midpoint V1.12 / Europe Recipe
H) of analysed scenarios per 1 GJ
of heat output—characterization
phase

Impact category Unit CKG1 CKG2 CTG1 CTG2

Climate change kg CO2 eq./FU 1.60E + 02 1.73E + 02 1.54E + 02 1.60E + 02

Ozone depletion kg CFC-11 eq./
FU

6.81E-08 1.39E-07 7.99E-08 1.38E-07

Terrestrial acidification kg SO2 eq./FU 7.76E-01 1.14E + 00 9.44E-02 2.12E-01

Freshwater eutrophication kg P eq./FU 8.66E-03 1.79E-02 1.02E-02 1.78E-02

Marine eutrophication kg N eq./FU 7.49E-03 2.93E-02 5.00E-03 1.33E-02

Human toxicity kg 1.4-DB eq./FU 5.71E + 00 1.18E + 01 6.71E + 00 1.17E + 01

Photochemical oxidant
formation

kg NMVOC/FU 2.05E-01 7.39E-01 3.02E-01 2.71E-01

Particulate matter formation kg PM10 eq./FU 1.73E-01 3.03E-01 2.94E-02 7.34E-02

Terrestrial ecotoxicity kg 1.4-DB eq./FU 1.45E-04 2.94E-04 1.70E-04 2.92E-04

Freshwater ecotoxicity kg 1.4-DB eq./FU 1.45E-01 2.99E-01 1.71E-01 2.97E-01

Marine ecotoxicity kg 1.4-DB eq./FU 1.39E-01 2.87E-01 1.64E-01 2.85E-01

Ionizing radiation kBq U235 eq./FU 1.24E-01 2.38E-01 1.44E-01 2.37E-01

Agricultural land occupation m2a/FU 1.71E-01 3.51E-01 2.01E-01 3.49E-01

Urban land occupation m2a/FU 3.28E-02 6.63E-02 3.85E-02 6.59E-02

Natural land transformation m2/FU 3.18E-04 6.46E-04 3.73E-04 6.42E-04

Water depletion m3/FU 3.63E-01 6.41E-01 4.16E-01 6.36E-01

Metal depletion kg Fe eq./FU 2.28E-02 4.54E-02 2.67E-02 4.51E-02

Fossil depletion kg oil eq./FU 4.97E + 01 2.33E + 01 4.99E + 01 2.17E + 01

Table 7 Results of LCA of
analysed scenarios based on
ReCiPe midpoint H method—
normalization phase

Impact category CKG1 CKG2 CTG1 CTG2

Climate change 1.43E-02 1.54E-02 1.38E-02 1.42E-02

Ozone depletion 3.09E-06 6.31E-06 3.63E-06 6.27E-06

Terrestrial acidification 2.26E-02 3.32E-02 2.70E-03 6.20E-03

Freshwater eutrophication 2.09E-02 4.30E-02 2.46E-02 4.28E-02

Marine eutrophication 7.00E-04 2.90E-03 5.00E-04 1.30E-03

Human toxicity 9.00E-03 1.87E-02 1.07E-02 1.86E-02

Photochemical oxidant formation 3.60E-03 1.30E-02 5.30E-03 4.80E-03

Particulate matter formation 1.16E-02 2.04E-02 2.00E-03 4.90E-03

Terrestrial ecotoxicity 1.75E-05 3.56E-05 2.05E-05 3.54E-05

Freshwater ecotoxicity 1.32E-02 2.72E-02 1.55E-02 2.70E-02

Marine ecotoxicity 1.60E-02 3.30E-02 1.88E-02 3.28E-02

Ionizing radiation 1.99E-05 3.81E-05 2.31E-05 3.78E-05

Agricultural land occupation 3.78E-05 7.76E-05 4.45E-05 7.72E-05

Urban land occupation 8.07E-05 2.00E-04 9.46E-05 2.00E-04

Natural land transformation 2.00E-03 4.00E-03 2.30E-03 4.00E-03

Metal depletion 3.20E-05 6.35E-05 3.74E-05 6.31E-05

Fossil depletion 3.19E-02 1.50E-02 3.21E-02 1.40E-02
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3.3 The sensitivity of the assessment results
of environmental indicators resulting from the selected
impact assessment perspective

An analysis of sensitivity using LCA methodology was carried
out—the perspective of evaluating adverse effects on the envi-
ronment arising from the installation life cycle. LCA stages of
normalization and weighting, the performance of which is nec-
essary to obtain a single eco-indicator, there is uncertainty of the
results. Uncertainty is associated with weighting the damage
impacts associated with human health, ecosystem and the use
of resources. These weights are selected by an expert method,
thus representing the views of science representatives
concerningwhich environmental issues are considered themost
important—protecting human health, species diversity and con-
servation of natural resources for future generations. There are

three groups of weighting indicators based on a system of three
averaged values of archetypal personalities:

& individualist (I/A—individualist/average),
& egalitarian (E/A—egalitarian/average)
& and hierarchist (H/A—hierarchist/average).

Sets of normalization and weighting coefficients, created in
this way, take into account the different points of view and can
be used to analyse the sensitivity of the results. Taking into
account different sets of coefficients in the sensitivity analysis
helps to reduce uncertainty. As a default, in the analysis of the
life cycle it is recommended to use hierarchist perspective (H/
A), which takes into consideration mechanisms, models and
the impacts widely accepted in the world. LCA analyses of
model systems using UCG gas, the hierarchist perspective (H/
A) was used. Figure 9 shows the results of a sensitivity anal-
ysis of the obtained indicators ReCiPe 2008 depending on the
adopted perspective of evaluation: E/A, H/A, I/A. Brief char-
acteristics of perspectives allow to understand their potential
impact on the environmental impact assessment (Table 10):

& Individualists (I/A) pursue a Bbusiness as usual^ scenario,
accept only those restrictions which have a sound scien-
tific basis, they are science and society oriented, prefer a

Table 8 Indices applied at the stage of normalization and weighting in
ReCiPe Endpoint H/A method for Europe (Goedkoop et al. 2013)

Damage category Normalization Weighting

Human health 49.5 400

Ecosystems 5.530 400

Resources 0.00324 200

Table 9 The main factors that
affect the various damage
categories to heat production
from UCG gases, ReCiPe
Endpoint H/A, Pt/GJ

Scenarios Electricity CO2

emissions

SO2

emissions

NOx

emissions

Hard coal Total

CKG1

Human health 0.38 4.21 0.68 0.15 0.00 5.40

Ecosystems 0.14 2.66 0.01 0.00 0.00 2.82

Resources 0.22 0.00 0.00 0.00 5.10 5.33

Total LCA CKG1 0.74 6.87 0.69 0.15 5.10 13.55

CKG2

Human health 0.75 4.32 0.72 0.72 0.00 6.51

Ecosystems 0.31 2.74 0.01 0.00 0.00 3.06

Resources 0.46 0.00 0.00 0.00 2.04 2.50

Total LCA CKG2 1.52 7.06 0.73 0.72 2.04 12.07

CTG1

Human health 0.44 4.01 0.01 0.07 0.00 4.53

Ecosystems 0.17 2.54 0.00 0.00 0.00 2.71

Resources 0.26 0.00 0.00 0.00 5.09 5.35

Total LCA CTG1 0.87 6.55 0.01 0.07 5.09 12.59

CTG2

Human health 0.74 3.97 0.01 0.25 0.00 4.97

Ecosystems 0.31 2.51 0.00 0.00 0.00 2.82

Resources 0.46 0.00 0.00 0.00 1.87 2.33

Total LCA CTG2 1.51 6.48 0.01 0.25 1.87 10.12

Italic shows the sum of damage categories (Human health, Ecosystems and Resources) caused by the main factors
(electricity, emissions, hard coal)
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short-term perspective over the long-term one, and non-
intervention policy with respect to nature.

& Egalitarian attitude (E/A) is opposed—they are character-
ized by caution, in the case of doubt they take into account
the potential impacts, they do not accept scientific and

political organizations advice, nor the attitude that future
problems can be avoided—they use long-term perspec-
tive. This attitude describes to the fullest extent possible
burden, yet it is marked with very high uncertainty.

& The hierarchists (H/A) perspective is the result of a com-
promise between the perspective of individuals and egal-
itarian attitude.

The sensitivity of the obtained results on the assess-
ment perspective is high. The impact on the environ-
ment assessed from the egalitarian perspective is the
highest—in this case, the assessment model takes into
account all substances that can potentially contribute to
environmental pollution. The environmental assessment
from the perspective of individuals gives, in turn, the
lowest indicators of environmental impact, because in
this case the assessment model ignores all substances
which activity has not been proved, and also assigns
less weight to the use of resources, according to the
assumption that the problem of resource depletion will
be resolved in the future thanks to new technologies.
Despite the fact that the differences in the obtained re-
sults are large, they have no significant effect on the
comparison of the different variants of the technological
chains of gasification process. The same variants have
the lowest or the highest impact on the environment in
each group of variants, regardless of the assessment
perspective.

4 Conclusions

1. Since no LCA has ever been conducted on the heat pro-
duction from underground coal gasification, this study is
the first work about LCA of the heat production from
UCG technology.
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2. The results of LCA andMFA for the heat production from
underground coal gasification have been presented in the
reference literature for the first time.

3. Carried out MFA analyses for the technology aimed
at using gases from underground coal gasification
enabled the visualization of material and energy
flows between particular unit processes in the entire
technology chain and the identification of the unit
processes characterized by the highest consumption
of raw materials and energy and the biggest emis-
sions into the environment.

4. Environmental analysis using LCA technique of model
technology systems using gases obtained from the under-
ground coal gasification allowed the evaluation of the
potential environmental burdens in the technology life
cycle

5. The analysis of LCA results showed that the total
indicator is affected mainly by the indicators in the
category of greenhouse gas emissions and the deple-
tion of fossil fuels. Greenhouse gas emission is pri-
marily due to the direct emissions of CO2 from gas
combustion for heat production and from electricity
consumption. In the case of gasification, where ox-
ygen is the gasifying agent, the consumption of fos-
sil fuels is more than two times lower than in the
case of gasification with air.

6. The analysis of LCA has shown that the lowest environ-
mental burden is characteristic for combustion technology
of synthesis gas in a high-pressure chamber using a gas
turbine, where oxygen was a gasifying agent. The gas
turbine is a recommended installation to be used in the
case of utilizing UCG gases with a view of heat produc-
tion, taking into consideration the lowest environmental
burden during the technology life cycle.

7. The analyses made so far will be used to investigate eco-
efficiency of heat production technology using under-
ground coal gasification.

8. Development of the life cycle inventory (LCI) of under-
ground coal gasification technologies will be the direction
for future research.

5 Recommendations and perspectives

1. In order to increase environmental efficiency of heat pro-
duction technology using UCG, the most important oper-
ation should be considered the reduction of dust and gas
emissions, including in particular the process of limiting
carbon dioxide emissions and increasing the overall effi-
ciency of the installation, which is reflected in lower coal
consumption.

2. Prospective research will include the development of
work related to the analysis of environmental efficiency
using LCA technique for the complex heat production
systems from UCG. Subsequent analyses will also in-
volve economic aspects and eco-efficiency analysis of
heat production technologies from UCG.
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Table 10 Summary of the characteristics features for archetypal personalities used in ReCiPe Endpoint method (Goedkoop et al. 2013)

Perspective Time perspective Assumptions Impact taken into consideration

I/A Short-term Technology can prevent many problems, adaptation
of the environment is assumed, e.g. the problem
of fuel depletion will be resolved through market
mechanisms and the rapid technology development

Only proven, e.g. metals toxic to humans—only exposure
through water and air, carcinogenic compounds—only
classified by the International Agency for Research on
Cancer; climate change considered in the perspective
of 20 years

H/A Balanced An appropriate policy can prevent many problems,
limited adaptation of the environment is assumed,
an assessment is based on recognized models
presented by authoritative bodies

Widely recognized by agreement; e.g. all substances toxic
to humans—exposure through all possible ways,
carcinogenic compounds—all; climate change
considered in the perspective of 100 years

E/A Long-term Problems will lead to an ecological disaster,
lack of environmental adaptation is assumed

All the possible effects; climate change considered in
the perspective of 500 years

Where:

I/A (individualist/average)—the average individualist perspective

H/A (hierarchist/average)—the average hierarchist perspective

E/A (egalitarian/average)—the average egalitarian perspective
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