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ABSTRACT

Poland delivers high value to the Edit is by far the largest coal proderc However, coal

production comes with a high environmental cost at regional (or even national) level. The
exploitation of hard coal mines leads to the generation of vast amounts of salty wastewater
effluents (brines) which have severe environmental itsp&urrently, there are 18 hard coal

mines in Poland, owned and operated by 5 coal mine companies, while several abandoned
mines need still to be pumped to avoid flooding risks. The total mine water discharge in the
Upper Silesian Coal Basin (USCB) is anal 350,000 ®iday, with the amount of chlorides

and sulphates discharged to the rivers being approximately 4,000 tons/day. Brines from these

mi nes are typically discharged into tributa
(Oder) rivers causingnvironmental and economic impacts.

T h e Dn bMaste@ek teeatment plant is treating brines from two coals mines leading to
Zero Liquid Discharge (ZLD) as wel |l as sal¢t
drawback is the extremely high energy consumption (app@2&kWh/t of salt recovered),

which has a high impact on the business viability and financial outcome. The aim of this work
is tore-design the value proposition of the coal mine wastewater sector towards a Sustainable
Business Model based on circular economy principles. To do ssvaleate a novel coal mine

brine treatment system that was demonstrated within théuktled project called ZERO
BRINE, targeting higher salt recovery yields, improved energy efficiency, while achieving
environmental and economic benefits. For this purptesfnologies such as ultrafiltration,
nanofiltration, reverse osmosis, electrodialysis, crystallization and evaporation were tested.
Our results showed that improving energy efficiency and environmental performance is
possible. The new plant design offéine opportunity to recover salt, pure water, gypsum and

magnesium hydroxide and its energy efficien
30% (approx500 kWh/t of salt recovered). Coal mines located within the hydrogeological

subregion boundary e(. g . Bol esgaw -S&miza @y,0o w-dkemamt,- Wi ast
My sgoWes@®ga, Janina, Sil esia) show good pot

circular economy approach. This will be further investigated together with the coal mine
industries operatig these mines. Policy tools, most importantly the Just Transition Fund and
the Structural & Cohesion funds, can play a crucial role in paving the right way of the most
affected regions towards energy transition and carbon neutrality.
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1 INTRODUCTION

Background problem

Coal mines comprise an important sector in the BWw European Unionis h e wsxthl d 6 s
largest producer (see al§ablel) and the fourthargest coal consuming region, after China,
India andthe United States of Americ&hetotal hard coal production in Europe in 204as

67 million tons. Poland is the dominant European hard coal producer accounting for approx.
92% (or GL.6 million tons)of the production in EL28 (Figurel), followed by Czech Republic

with 5% (or3.4 million tons)and UK with 3% (or 2.2 million tons)n the wider areafdurope,
Ukraine comprises also a significant hard coal producer 26t million tons produced in

2018. If brown coal is also considered, the list of producing countries is further enlarged to
include Germany, SerbiaGreece, Bulgaria, HungaryRomania Slovenia and Slovakia.
Overall, coal is produced in 11 EU countries while it continues to make a major contribution
to energy security in approximately half of the member counf{E®sRACOAL, 2020)
Further, coking coal has been identified as one o8&heitical raw material$or 2020by the
European Commission (EC), since the supply risk is high, linked to high concentration of
supply in China and Australia and because its economic importance is calculated as high due
to use in the metallurgy sect@uropean Commission, 2020 2018, the EU consumpti

of coking coal was 49 million ton@Eurostat, 2019)Base metal production (metallurgical
sector) accounts for approx. 95% of the total coking coal consumption. The remaining 5% is
used for other applications such as alumina refineries, paper actumirig, and the chemical

and pharmaceutical industriess a result, even though the energatel uses of coal will

soon phaseut, the metallurgical coking coal needs will remait is essential for the iron

and steel industry. Furthermore, thechapal mines capable of producing this type of coal will
continue to operate purely by serving this se(faas et al., 2018)According to EURCOAL

(2020) countries that benefit from their own indigenous coal and lignite resources like Poland
and Greece are more dependent on coalhdése countries, the energy transition will take
longer than in other EU countries

Poland delivers high value to the EU because it is by far the largest coal producer. However,
coal production comes with a high environmental cost at regional (or evenaiptevel. The
exploitation of hard coal mines leads to the generation of vast amounts of salty wastewater
effluents (brines) which have severe environmental impacts. Currently, there are 18 hard coal
mines in Poland, owned and operated by 5 coal mingpaaies, while several abandoned
mines need still to be pumped to avoid flooding risks. The total mine water discharge in the
Upper Silesian Coal Basin (USCB) is around 350,08@ay, with the amount of chlorides

and sulphates discharged to the riversi@eipproximately 4,000 tons/day. Brines from these
mines are typically discharged into tributa:
(Oder) rivers causing environmental and economic img&cttezik, 2017) The high salinity

of the river water makes it often unfit bee used as drinking water, agricultural or industrial
water. More recent scientific papers have been published by the Polish Central Mining
Institute, presenting the occurrence and qualitthe mine water in the USCB area (Janson,
2008;Bondaruk 2015 Gzyl, 2017.

This problem is known at least since the 1980s when the large environmental project of the
ADebi enskod desalinat i on wigtheaam to dimirare theabal ( Si k C
mine discharges generated by Budryk and Debiensko coal.riBimee then, the operation of

the fiDebienskoodo desalination plant has chan
from the Budryk coal mine. Thmain drawlack is the extremely high energy consumption

(approx. 955 kWh/t of salt recovered), which has a high impact on the business viability and
financial outcome
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Tablel Wor | do6s

| argest

coal

(EURACOAL, 2020)

pr odu c courgries((208) p )

Country CO'?&%“’&' Stef‘h;‘:)coa' Lignite (Mt)  Total (Mt)
1 China 3026.4 523.7 - 3550.1
2 India 676.4 49.2 45.3 770.9
3 United States 561.7 71.9 51.7 685.4
4 Indonesia 543.0 5.6 - 548.6
5 Australia 257.8 179.4 46.0 483.1
6 EU-28 15.5 60.2 366.9 442.6
7 Russia 245.4 93.0 81.4 419.8
8 South Africa 254.2 4.4 - 258.7
9 Kazakhstan 96.4 10.8 6.4 113.7
10 Turkey 1.9 0.7 85.2 87.8
others 298.1 34.4 120.3 452.6
World 5976.8 1033.3 803.2 7813.3
Country Cok(ll\r;l%coal Ste(aMrr;) coal Lignite (Mt) Total (Mt)
1 China 587.4 3157.8 - 3745.1
2 India 97.4 842.3 45.3 985.0
3 United States 16.7 545.4 52.4 614.5
4 EU-28 55.0 175.9 368.6 599.6
5 Russia 64.5 93.4 73.8 231.7
6 South Africa 3.3 186.1 - 189.4
7 Japan 46.7 139.3 - 186.0
8 South Korea 36.9 106.9 - 143.8
9 Turkey 7.7 33.1 84.9 125.7
10 Indonesia 7.5 107.6 - 115.1
others 69.0 547.8 168.5 785.3
World 992.1 5935.6 793.5 7721.2
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Literature Review

TheZLD technologywas evol ved in the US, in the 0670s
comprises an electricaligriven evaporator and crystallizer which results in high energy
consumption and thus high OPEX and is very capitansive. According to Glall Water
Intelligence(GWI, 2016) 258 ZLD projects were implemented in the pdr2000- 2015 (total

installed capacity: 932,000%d), with General Electric representing 56% (or 146 projects) of

the market, followed by Veolia (24%) and Aquatec (10%). ¥¥henore, ZLD systems create
significant volumes of a solid byroduct that must be inevitably disposed of in a landfill,
creating again a waste management problem.

In the coal mining sector, the first ZLD application of this technology dates back to 1993 in
Dn b i e Retakddhisplantoperatesince 1994Yet very little reading scientific material is

being made available in international languages, thus beirgyagmored by the international
scientific community. AD it thioecBauskgehdo diesscpr @ é 1o
Masarczyk et al(1989) and Ericsson and Hallmangl996) There are also a couple of
publicatons within the grey literature about this case study published by General Electric
Water (acquired later on by Suez), which were the technology supgltegsZLD system
installed had the capacity to treat 12,008day and its cost was approx. US$ 60 ol Its

main drawback is the extremely high energy consumption (~970 kWh/t of salt recovered),
which made the business not viable. The project has been halted countless times due to lack of
funds. In recent years, money has come from the Polish envirtarferd, which is made up

of fines imposed upon polluting industry, including the coal mifiks.authoriave contacted

the system operators Foland,and they have confirmed that the energy consumption should

be halved in order to make the busines® sastainable.

Theoretical studies and laboratory tests performed at the Silesian University of Technology
have shown that energy consumption can be significantly reduced by using membrane methods
or their combination with the evaporation method instdath® evaporation method alane
ED-EDR electrodialytic préreatment and preoncentration of coahine brinewith 32.8 g/L

CI'" content at a current density of 3488 A/n? in the first step an@00 A/n? in the second
showsenergy consumption in the ranf@ 9.4i 14.4 kWh/m3of inlet brine depending on
appliedcurrent density. The performance of crystallization step waseb@émated based on
chemical compositions of ED concentrates an
Plant, wherecurrently a salt crystallizer is supplied with brine concentrated by RCC
evaporatiormethod. This comparison shows that unit energy consumption decreases from ca
970 kWh per 1 ton oévaporated salt for brine treated by RCC metho@1@®kWh/t in the

caseof ED-EDR treated brineAt the same time the amount of salt in lye decreases from 110
kg per 1 ton of evaporated salt produced to 20(Hgitek et al, 200b To decrease the energy
consumption and increase the salt recovery of the existing plant, theatipp of membrane
processe$ nanofiltration (NF), reverse osmosis (RO), electrodialysis (ERhd chemical
treatment was proposed. Based on the laboratory results, a hybEDRO system was
designed, and the plant performance and the scaling eiskdiscussed. The result shows, that
application ofmentionedmembrane system couliecrease the energy consumption to 425
kWh per 1 ton oevaporated sa(fTurek et al, 2017)To obtain higher concentration of sodium
chloride than in reverse osmosis (R@e hybrid RO nanofiltration (NF) system was
consideed. The use of RO retentate pressure as a driving fold& idecreased the energy
consumption in the brine concentration process and increased RO pargea#y. In such

a hybrid system, NF couldebregarded as an alternative method of energy recoMégty.
membranes were tested on the synthetic sodium chloride solaidan the coamine brine

RO retentate Based on the obtained results, energy consumption iii NRGQvapour
compression (VC) systemagestimated and compared with the R system. The energy

Page5 of 22



consumption in the RONF hybridsystem with VC (123.3 kWh/m3 of brine with 290 g/dm3
NaCl) was lower than in the currently uge@i VC system (213.2 kWh/m3 of brine with 290
g/dm3 NaCl without engly recovery and 204.6 kWh/n@8 brine with 290 g/dm3 NaCl with
energy recoverylLaskowskeet al, 2018).

Research gap and aims of the present research work

The main objective that this researcHowwor k F
the coal mine sector value proposition canredesignedowards a Sustainable Business

Model based on circular economy princigles Thi s research work ©pre
from the ZERO BRINE project related to the demonstration of innovatives lireatment
technologies that were used to treat coal mine wastewater. Within this project-scaiot

brine treatment system was developed and demonstrated in Poland using real coal mine
wastewater sourced by tleeo | e s § a woaldmne thaj i locad in the Upper Silesian

Region.

The papers also addressed to the polioayakers community, and in particular the community

related to the Just Transition Mechanism (JTM) policy that has been estabiishedontext

of the European Green Ddal fueerthat the transition towards a climakeutral economy
happens in a fair way, |l eaving no one behind
over the period 2022027, is an important tool to help the coal mine regions that are the most
affectal to redirect into a more sustainable path, aligned with the new policies adéfitied

our work, we are establishing an update on the current status quo of the sole coal mine case
that 1 mplements a circul ar eDbdhbhkeaddsliagignr oac h
pano and we connect this with the advances pi
within ZERO BRINE project. Further work is currently being done to extrapolate the pilot
scaledatatofuls cal e I mpl e ment athiiocendEsékoon | it hat icarms eplodn
powerful software platform that was developed by the German Aerospace Center (DLR) within
ZERO BRINE project. This work is not part of this conference paper.

2 METHODS

This work revolved around the ZERO BRINE (zerobring grojectwhich aims atacilitating

the implementation of the Circular Economy package and the SPIRE Roadmapoinmns

process industries by developing the necessary concepts, technological solutions and business
models to redesigthe value and supplghains of mineralsThe project involves four large

scale demonstrations in the Netherlands, Spain, Turkey and Poland, while this work presents
findings related to the demonstration in Poland that relates to the coal mines wastewater
treatment.

The researth methodology for the present work is based on the following steps.

First, arecording of the operating coal minesn Poland is mada/ithin the last years, a lot

of mines in Poland are being shut down as they are no longer competitive. In odeetifyg

the operating coal mines currently in Poland, fasliterature review was made, while further
validation was made using the central Geological Database (Centralna Baza Danych
Geologicznych or CBDG in short) (Layer: Obszary gérnitzed finaly through personal
communication with Polish Central Mining Institute (GIG) experts.

1 http://bazagis.pgi.gov.pl/website/cbdg/viewer.htm
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The second step is thdentification and evaluation of success storiesn following circular
economy practices in the coal mine secldre coal mines that are still apding in Poland,
identified in Step 1, are being assesssghrdingthe treatment of the wastewater generated in
view of circular economy and in particular, in view of resource recovery from the brine effluent
generated.

The third step was theechnical evaluation of the identified success storyDn b i e Es k o
desalination plant) in order to (a) identify lessons learnt from thgea0 operatin period&
challengesthat may hinder adoptionthis solution at a wider scale; and (buggest
improvementson techngal, economic and environmental terms in light of the ZERO BRINE
results

As one of the main purposes of this paper is to come up with a sustainable business model for
the coal mine sector, itis fourth and final step we integrate theutcomes of th@revious

steps into developing a circular business model for the sector in quéstitbnthe ultimate

goal of enabling a potentiaider deployment of such a moge&le incorporate the interests

and needs of key stakeholdbgsformingafiCommunity of Praicedc ( CoP) . The CoP
the key stakeholdersuch agechnology suppliers, regulators, investors and policy makers.

We also try to leverage on current policy developments, most importantly the Just Transition
MechanismThe first results from the \idation of the proposed Circular Business Model are
presented in this paper.
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3 RESULTS & DISCUSSION

In this paper we present the results fromlitieeature revew related to theecording ofactive

and abandoned mines in Polaf®kction3.1), the results from the identified success story
cal Dadi Bd@esskaol i nat i on prdaeasuttsdron tieelcation ofrthis 8ase2 )
study, in light also othe results from ZERO BRINE proje$ection3.3). At the end of this
sectionwe present selected results from the proposed Sustainable Business Model for the coal
mine sector (Section 3.4)

3.1 Resultson the recording ofactive and abandonnectoal mines in Poland

Poland hosts the largest number of coal mines, folldwetizech Republidn 2019, 61.6 out

of the & million tonswere produced in Polandee alsd-igurel). The exploitable hard coal
reserves are concentrated in two regions, namely Upper Silesia Coal Basin (USCB) and in the
Lublin Basin at the eastern part of Poland (seeRipare3), with the USCB hard coal reserves
accounting for 78.9% of the total (EURACOAL, 2020). There are some hard coal deposits in
the Lower Silesian Codasin,but their exploitation has stoppethst e t he 900 s.

-
.- N,
N

.-

1
)
!
' Hard coal

.,-’ deposits comprise
> Underground

Silesian -3
. . . | .
Coal Basin .7 &

Lignite deposits s I
comprise open N oy )
pit mines

I Hard coal deposits
Lignite deposits

Figure 3. Hard coal and lignitedepositsn Poland
(Adapted from Musial et al., 2016)
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There are approx. 400 coal seams at USCB and Lublin basin, with almost half of them being
economically workable. Thignite mines are located in the western part of the country. All
lignite mines are open pit mines, as such their exploitation does not generate wastewater
effluent. On contrary, all bituminous (hard) coal mines comprise underground mines (average
working depth: 600 meters, with some over 1,000 meters); their exploitation generates salty
wastewater effluents (brines); the discharge of which causes environmental degradation of the
receiving water bodies.

With reference to the coal production in Poland, tlieeeclear downward trend from approx.
131,400 thousand tons produced in 1993 to approx. 61,500 thousand tons if20d&a for

coal production in Poland between 1993 and 2018 both in physical tons and tons of oil
equivalent are provided ifrigure 4. Through exponential regression we estimated the
following equation (with Rsquared value: 95.2%):

y = 140,080 - ¢~00308

Using the above equation, we may estimatesklyapolation the coal production to approx.
43,000 thousand tons by 2030 and to approx. 23,530 by 2Q%L. i$vespecially important in
the aspect of the European Green Deal willing to make Europe climaateal by 2050.

Thousand tons
Ktoe

160,000
90000

140,000
80000

120,000 _ 70000

100,000 B . - 60000

50000
80,000

40000
60,000

30000
40,000

20000

20,000 10000

D o> D 0N DO O DD D> DD DO O DD NSO LA

S & S LS NSO S SSSES S § & P Y LSS

PP I I LTI T T LSS I LTI TSNS
Coal production in thousand tons mmm Coal production in ktoe

Exponential regression (ktons series) Exponential regression (ktoe series)

Figure4. Hard ooal production in Poland in physical tons (left axis) and tons of oil equivalent (right axis)
(199371 2019)

With reference to the coal consumption, industry and the residential sector account for the
largest share. For example, in 2017 the egsidl sector consumed 6,554 ktoe accounting for
approx. 55.7% of total coal consumption in Poland, followed by the industrial sector with 3,584
ktoe (or 30.4% ), the agriculture & forestry with 969 ktoe (8.2%) and the commercial & public
services sector ith 668 ktoe (5.7%jIEA, 2017)
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With reference to the coal consumption by type, ottaed coal represents by far the largest
share of the domestic consumption in Poland. In 2017, 10,521 ktoe ofhatitkzoal were
consumed in Poland accounting for approx. 90.7% of total domestic coal consumption,
followed by coke even coke with 532 ktoe (08%), blast furnace gas with 269 ktoe (or 2.3%),
anthracite with 148 ktoe (or 1.3%), lignite with 116 ktoe (or 1%) and patent fuel, BKB and
coking coal accounting for the remaining 20 ktoe (or 0.d%4, 2020)

The coal reserves by different type are as follows: hard coal approx. 22.3 billion tons and lignite
reserves around 1 billion tons, with a further 61.4 billion tons and 2.3.3 billion tons in resources
respectively. With reference to the hard coatress, steam coal accounts for approx. 71.6%,
followed by coking coal with 27% and other types accounting for the remaining (1.4%)

Today here are & hardcoal minesn Poland owned and operated ycoal mine industries
(Table2), and several abandoned miriEgyure6), most of which are still being pumped. The
total mine water discharge in USCB is around 350,08@ay, with the amount of chlorides

and sulphates discharged to the rivers being approxim&@d tons/dayMine waters from
these mines are typically discharged into
Odra (Oder) rivergJansoret al, 2009)

Table2. List with operating coal mines and companies in Rblan

N°  Coal Mine Coal mine company

1 KWK Boryni&ofiéwka WEadNl toall {LsO1L!

2 KWK Budryk (5 mines)

3  KWKKnurow{ I OT @ 3024 A

4 KWK Pniowek

5 KWKWF & G MBkid 6 A S

6 KWK ROW Polska Grupa Gérnicza PGG

7 KWK Ruda (8 mines)

8 KWK PiasEiemowit

9 Y2Y {21 yAOl

10 Y2Y .2ftSaolg | YA

11 KWKStaszieWujek

12 KWK Myslowic&Vesola

13 ZG Brzeszcze Tauron Wydobycie

14 ZG Janina (83mines)

15 ZG Sobieski

16 KWK Silesia t N]J SRa At 0A 2 NSilésig 3p. D
0.0. (owned by BUMECH S.A))

17 KWK Bobrefriekary(Ruch Bobrek 2t 3ft2121a YNI 2

18 KWK Bodganka [ dzo St a1 A 2t 3IASt

* Small private mines

3.2 Debi ed&sektaody
Desalination of saline mine water in USCB was propasecethe 1970s when the need for

al arge environment al proj ect isportedBkeraétBle bi ens

1989) with the aim to eliminate the coal mine discharges generated by Budryk and Debiensko
coal minesThe contract for materializing this pemjt was signed in 1988, while the first salt
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production started only iAugust1993. InFigure5 more details are provided the different
stages of this project development, reaching different milestones.

1990

Process equipment
delivered to site

1993

April ‘93:
Thermal plant ready

Equipment erection in RO/thermal plant
in progress / beginning of equipment
erection in pretreatment part

1992

August ‘93:
First salt produced

1993

hd 1993 - 1995
Sept. 93 - May ‘95:
Periodical operation of thermal plant
& & erection of pretreatment & RO

1995

May - July 1995:
Start-up of pretreatment
& RO plants

2020

March 2020:
ZERO BRINE
completion Pilot Scale Demonstration

1st comprehensive paper
for Debiensko published by Ericsson

1996

Key Milestones

in Debiensko ZLD plant = S .

Figure 5. Milestones of Debiensko case study (period: 198820)(Source: Xevgenos et al., 2020)

The Debiensko desalation plantcomprises 2 evaporators and 1 salt crystallizbe costof

the equipmentvas approx. US$ 60 million. Its main drawback is the extremely high energy
consumption (~Z0 kWh/t of salt recovered), whidtad a high impact on the business viability

and financial outcomeOne important revenue stream for the desalination plant comes from
the fees from the coal mines which need to desalinate their water according to the signed
concession documents

According to the original designraund 14,000 fiday of mine drainageastreated in the
desalination plant at Debienskaeceiving around 8,000 m3 of coal mine effluent from the
Debiensko coal mine (an abandoned coal mine) and a®®@® m3 of coal mine effluent
from Budryk coal mine, per dayrhe pantwas recoveringbout 10,000 fiday of drinking
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and process water, 4,50C/day of distilled water, 276 tons of pure sodium chloride for sale
to the chemical industry and as table salt and 28 tons per day of calcium sulfate.

Sincelate 2019 the treatrant of the Debiensko coal mirig no longer requested by the
competent authoritee Todaythe desalination plant started to treat coal mine effluents only

from Budryk coal mine. Two different coal mine effluents are generated from the exploitation

of the mal reserves, at two different depths at Budryk site, which results in two different
salinities, a stream of approx. 750 m3/day with a Total Dissolved Solids (TDS) content of
approx. 70 g/L, and a |l ess salineoyrtwietam 4of
of approx. 3,800 m3/day at 30 g/L TDS content. A more detailed mass balance is provided in

the figure below, presenting also the materials recovered in each case.

Original design Current operation

BUDRYK
active coal mine
| Il

depth: depth:

BUDRYK DEBIENSKO

active abandoned
coal mine coal mine

4,440 m3/day 7,970 m3/day 3,800 m¥/day

SALINITY SALINITY 30g/I

70q/l
REVERSE
OSMOSIS

SALINITY 10-30g/

REVERSE OSMOSIS

m/day

SALT m» +
82 ton/day

SALINITY 70-110g/I

miday | ay IVI

SALINITY
~ 90g/I

DRINKING WATER ¢ DRINKING

THERMAL 9,690 m3/day WATER ¢
PLANT (RCC) 1,717 m’lday
v SALT SALT
L 276 ton/day L 193 ton/day

CONDENSATE

4,390 m3/day

CONDENSATE

2,641 m'/day
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Feed water

Budryk Budryk miernie
Cor kg/m? 43.783 18.790
Ceaz+ kg/m? 0.960 0.524
Cumgz+ | kg/m? 1.152 0.665
Csosz | kg/m? 1.171 0.356
Cha+ kg/m? 25.616 10.467
TDS kg/m? 72.682 30.802
\ m3/day 750.000 3800.000

Figure 6. Map with active and abandoned coal mines in Polg@alirce: Xevgenos et a2020
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