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HYDROGEN AND METHANE PRODUCTION FROM WHEY

Summary

Decreasing amount of fossil fuels in the world emages the searching of alternative energy sourbethis time of ener-
getic crisis, the production of hydrogen is an iatging solution. Hydrogen does not produce anytaminating emission.
The aim of this study was to build a project inst&dn that produces gas biofuels and define theipiial biohydrogen and
biogas possible to produce from the waste of aydaiiant. The calculations assume a production & #fper day of whey
permeate from the dairy plant. The methane ferntiemarocess was carried out according to the niedilGerman stand-
ard DIN 38 414/S8 in the eco-technology laboratoryhe Poznan University of Life Sciences. Theltesavealed that,
with the assumed quantity of available substratis, possible to generate 1 570 960ahhydrogen per year and 4 749 469
m’° of biogas with a methane percentage of approx..4B&sed on these results it could be possible iiol lubiogas plant
of an estimated power of 0,99 MW of electricity ant2 MW of heat, as well as the hydrogen fuelp®ier of 0,32 MW of
electricity.

Key words power engineering, biohydrogen, hydrogen produttbiogas, methane

WODOR | METAN PRODUKOWANY Z SERWATKI
Streszczenie

Koriczgce sé zasoby paliw kopalnych skutkugytuacy, w ktérejswiat staje w obliczu konieczsm poszukiwania nowych,
alternatywnycherédet energii. W czasach kryzysu energetycznegoesizcym rozwizaniem wydaje giby¢ produkcja

i wykorzystanie wodoru, ktéry zaréwno w wyniku epdl, jak i wykorzystania w ogniwie paliwowym nieiteje zanie-
czyszczé srodowiska. Celem pracy bylo oklenie maliwych do wyprodukowania ifai biowodoru oraz biogazu z mle-
czarskiego odpadu poprodukcyjnego. W obliczeniaghgitdniono umiejscowienie instalacji przy zaktadzie anégskim
produkujcym dziennie 400 hpermeatu serwatkowego. Wykorzystano ponadto winitkai przeprowadzonych w Pra-
cowni Ekotechnologii w Poznaniu uzyskane na podstamnaliz wykonanych zgodnie z obg@auijzcq niemiecl normy DIN
38 414/S8. Na potrzeby obligzpostiono s takze danymi zamieszczonymi w najnowszej literaturzedmiotu. Na po-
stawie uzyskanych wynikow wykazat®,z zakladanej ikzi dostpnego substratu ritiwe bedzie wytworzenie rocznie
1 570 960 mwodoru oraz 4 749 469%hiogazu o procentowej zawasth metanu ok. 49%. W oparciu o te dane obliczono
realng moc biogazowni na poziomie 0,99 MW energii elekimgj oraz 1,12 MW ciepta, a t'&kmoc ogniwa paliwowego
wynoszcq 0,32 MW energii elektrycznej.

Stowa kluczoweenergetyka, biowodo6r, produkcja wodoru, biogaz,amet

1. Introduction tic production of energy will produce new plantsngsbio-
gas [6, 21].

The progress of civilization and the increasinguda- Nowadays the production and the use of hydrogen as

tion is resulting in continuing growth of the derdafor
electricity and fuel, which is associated with anrease in
environmental pollution. As a result of these eserihe
world is facing the need to find alternative enesgyrces
and the development of innovative and environmgntal
friendly technologies [10]. In addition, as a résflthe rat-
ification of the climate package by the EU Membtat&s,
Poland is committed to produce by 2020, 15% of gyner
from renewable sources, which forces the Polishaittes
to take decisive legal measures to implement thjsative.
Poland is a country with great potential in biomassrgy.
In terms of agricultural land it occupies fifth p&ain the
European Union [14]. Intensive agriculture genevdtege
amounts of waste that can be used to produce b[@Yas
compost [4, 16]. Therefore, it is expected a suligth
share of biomass of various origins in the produrctf re-
newable energy [7]. It is also assumed that thard in-
crease in the share of renewable energy in thédotaes-
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renewable energy technology seems to be interestithg
over the world, researches on hydrogen energy eigb
developed as well as the possibility of its prodwgct utili-
zation and storage. There are no emissions intcetive
ronment when burning hydrogen or using fuel celts,
stead, as a result of its conversion, steam is rg@th
which is presented by the equation 1.

1
Hy +50; — Hz0 W

An additional advantage resulting from the usehyf
drogen in a fuel cell, it is also its high conversefficiency
of approx. 45-60% [18].

The aim of this study was to determine the théwakt
potential of bio hydrogen and biogas productionrfrthe
waste generated in a dairy plant. This solution ld/@liow
to manage large quantities of whey, which is a avasid a
problem for dairies.
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2. Hydrogen generation by dark fermentation

ronmental fees (approx. 160 000 PLN/year) relatethée
discharge of effluents because of its close looafide av-

The well-known metabolic pathways and hydrogenaserage daily production of the dairy plant bio waisteap-

enzyme are used in dark fermentation [19]. In thet $tep,
glycolysis, glucose is converted to pyruvate. la tiext py-
ruvate is oxidized to acetyl-coenzyme A (CoA), hik-
ducing ferrodoxin (Fd). The third step consist$ha oxida-
tion of ferredoxin through hydrogenase, resultingriolec-
ular hydrogen is obtained [1, 19]. This proceslustrated
by the following equations (2-4):

glucose — pyruvate 2)
pyruvate + CoA + 2Fd(ox) — acetyl + 2Fd(red) + COy

®3)
2 Fdired) » 2 Fd(ox) + H, 4)

During the dark fermentation process the carbadtygdr
proteins and fats are converted into volatile fattyds [1].
Theoretically, one mole of glucose can generateoug
moles of hydrogen, 2 moles of carbon dioxide amdo?es
of ethyl [15]. This conversion is presented usimg follow-
ing equation 5.

CeHaz0s +2H0 - 4H 4+ 200, + 2CH,CO0H (5)

In fact, according to literature, the achievedoant
of hydrogen is much lower, from 1 to 2,7 moles pfito-
gen from 1 mole of glucose. This is due to the fation of
butyric acid, which lowers the amount of producedrb-
gen (equation 6) [12, 15, 19].

CeHa20s + 2H,0 — 2H, + 200, + CH,CH,CH,CO0H
(6)

The reduction in efficiency of hydrogen productimay
be due to the process conditions and the usectyafieni-
crobial cultures [2, 3, 5, 8, 9, 12, 20].

3. Two-stagehydrogen-methane fermentation process

As a consequence of the increasing prices of rii-t
tionally used substrates for the biogas produdticthe me-

prox. 400 nVday.

Methane
co,
H,0

i)

Methane
fermentation

Dark Products

fermentation Dark
fermentation

Organic
substrate

Source: own work Zrodio: opracowanie wiasne

Fig. 1. Diagram of a two-step fermentation techgg|dy-
drogen-methane

Rys. 1. Schemat technologii dwustopniowej ferm@ntac
dorowo-metanowej

4.2. Methane and hydrogen production efficiency othe
substrate

The study was conducted at the Laboratory of Eco-
technologies — the biggest biogas laboratory irafl La-
boratory working within the Institute of Biosyster&sgi-
neering (Poznan University of Life Sciences). Tagearch
was based on modified German standard DIN 38 414/S8
and the standardized biogas guide from the Assoniatf
German Engineers in Dresden - VDI 4630.

The inoculum (liquid fraction of the digested puipas
taken from an agricultural Polish biogas plant vilogkon
cow slurry and maize silage (Dziatyn). The inoculwas
stored at room temperature to use it for mesopfalimen-
tation.

During the experiment the following standard metho
ology established by Polish Norms (PN) has beed:use
dry matter PN-75 C-04616/01, pH - PN-90 C-04540/01,

thane fermentation process and the problems assdcia conductivity PN-EN 27888:1999 and organic dry nmatte

with the financial support of renewable energy otaRd, a
development of innovative systems enabling the petidn
of high-energy fuels has been observed. In the oaske
production of gas biofuels from organic waste, phecess
is carried out using a two-stage hydrogen-methanadn-
tation. The first stage of this technology consistthe pro-
duction of hydrogen in dark fermentation. The résgl
waste of the first stage is a substrate for metliameenta-
tion, which is the second step of the process. Sdteme
technology combining the two-stage fermentationhgf
drogen and methane is shown in Figure 1.

4. Methodology
4.1. Charasteristics of the whey industry

PN-Z-15011-3. These parameters were also necefsary
the calculation of the efficiency of biogas sub&ra units
m*/Mg fresh matter, Mg d.m. and ffMg o.d.m.

The research on biogas production was realize@ on
dn?® reactors located in a layer of water at tempeeaB&C
+1. Every one of the reactors is part of a 21-chemfbr-
mentation reactor built in the Laboratory of Eco-
technologies (fig. 2). The concentration measuramefi
methane, carbon dioxide, hydrogen sulphide, ammamdia
oxygen in the produced biogas were carried out \ith
use of the absorption sensors working in an infreaad
electrochemical sensor line. The GA5000 gas anafysm
Geotech firm was used in the research.

The study assumes that the system that produaks an Hydrogen production efficiency from whey, and the

uses hydrogen will be located at an existing daiignt.
This solution will allow to use the post-productidmio
waste (whey) as a substrate from the abovementicoed
pany. The location of the installation, near thanpl will
reduce substrate transport costs and will avoidh lEgvi-
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erage retention time (HRT) was based on literatiata
[11, 12]. In the paper the theoretical yield of togkn pro-
duction from lactose is 2.7 mole/mole [12]. Theccid-
tions include the methane efficiency productionnfréac-
tose (part of the substrate) in the hydrogen prioinc
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The amount of electricity generated in cogeneration

Eg= Vo " We, " s (10)
where:Ez — amount of electricity generated in cogeneration
[MWh], ¥ar - volume of produced hydrogen [m15 Ecrig —

energy efficiency ratio of methane - 0,00917 [MWH},if1= —

electrical efficiency of the cogeneration plani[%z = 0,36 —
0,44 [-], it was adopted in the calculation of #a¢ue of 0.4.

The amount of electricity generated in the fuel:cel

Ege = Vg » We,, * Nec (11)
where:Ers — amount of electricity generated in the fuel cell
[MWh], ¥& — volume of produced hydrogen [m3],

= — energy efficiency ratio of hydrogen — 0,0029559
[MWh-m3], 7=z — electrical efficiency of the fuel cell [ - ],
fMer = 0,45 — 0,65 [-], it was adopted in the calcalatdf

7 2

| )
n
3 . o the value of 0.6.
Fig. Magda Sawiniska

The amount of heat generated in cogeneration:
Source: own work Zrodlo: opracowanie wlasne s v W

. . . . Ty — ¥ " W, " TIT
Fig. 2. Scheme of biofermenter for biogas productesearch cra (12)

(3-chamber section):-1water heater with a temperature in thewhere: Er, — amount of heat generated in cogeneration
range of 20-70°C, 2 water pump, 3-isolated hot liquid tube,
4 — layer of water at temperature of 38°C;-hiofermentor

with the input of 1.4 dfof capacity, 6- sampling tube, . )
thermal efficiency of the cogeneration plant [ 73, = 0,43

7 —tube for biogas flow, 8 — security valves (alsedufor tak- X X :
ing biogas samples), 9biogas container made of poly (me—62'554 [-], it was adopted in the calculation o¢ ¥ralue of

thyl methacrylate)
Rys. 2. Stanowisko fermentacyjne: 1 — ogrzewacy woeju-  The amount of heat generated in cogeneration:
latorem temperatury, 2 — pompa wodna, 3 — przeveiehzy

ogrzewagcej, 4 — ptaszcz wodny, 5 — biofermentor o pojemnog_ _ Ery

$ci 2 dmi, 6 — zawor do pobierania prob wsadu, 7 — przewéd 2 0.274 (14)
odprowadzajcy biogaz, 8 — zawér do pobierania prob gazu
9 — wyskalowany zbiornik na biogaz

[MWh], Vi — volume of produced hydrogen [m¥Zcs.
— energy efficiency ratio of methane [MWKmnm"r —

’vvhere:ETz — quantity of heat generated, expressed in [GJ],
Er, —quantity of heat generated, expressed in [MWh].
Electric power of the cogeneration plant:

Eg
To determine the mass and volume of available sub-- (15)

strate to produce gases, the following formulas figqutes  where:F= — electric power of the cogeneration plant [MW],

were used [17]: . . Ez — amount of produced electricity [MWHj], — cogenera-
The mass of the substrate introduced into the oeaster a  tion plant operating time [h]. The calculations waeed a

year: value of 8200 hours of working time for a cogenerat
plant within a year.

4.3. Methodology of economic calculations

M= Mz -365 (7)

where:M — Mass of the substrate [Mg/yeal{s — mass of Heat power of the cogeneration plant:
substrate delivered per day.

=_
. = (16)
The volume of the generated hydrogen: ,
where: fi — heat power of the cogeneration plant [MW],
Vg =Wg - M (8) Er, —amount of produced electricity [MWhi, — cogener-

ation plant operating time [h]. The calculationswased a
value of 8200 hours of working time for a cogenierat
plant within a year.

where: ¥u — volume of hydrogen produced JnWu —
hydrogen efficiency of the substrate [m3-Klg— mass of
the substrate [Mg].

Electric power fuel cell:

B, = ©

Ve = Wy - M 9) °T 17)
where:¥ar - volume of produced methaneqmiss — me-  where:% — electric power fuel cell [MW]Ez — amount of

thane efficiency of the substrate [m3Mg M — mass of electricity generated from produced hydrogen [MWh]-
the substrate [Mg]. fuel cell operating time [h].

The volume of the generated methane:
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For the calculation of incomes from sales of eleity
and heat energy and RES energy production, theviaig
formulas and figures were used [17]:

Income from sales of electricity and heat producech-
generation:

g = Ep - Electric energy price (18)
Crnr = Eg = Green certificate price (19)
Cypn = Eg - Vellow certificate price (20)
Cr = Ep, » Price 6] of heat (21)
Incomey, = Ce 4+ Coe + O + 0 (22)

where: £2 — annual income from electricity sale (cogenera-
tion) [PLN], Cz¢ — annual income from green certificate (co-

generation) [PLN]E¥c — Annual income from yellow certif-
icate (cogeneration) [PLNf = — Annual income from heat

sale (cogenerationjmcome; _— annual income from sales of
electricity and heat produced in cogeneration [PLN]

Income from the sale of electricity generatedhia fuel

cell:

D = E.. - Electric energy price (23)
Dy = Ege - Green certificate price (24)
Incomey = D + Dy (25)

where: D= — annual income from electricity sale (fuel cell)
[PLN], Pz — Annual income from green certificate (fuel

cell) [PLN], {ncomez — annual income from sales of elec-
tricity and heat produced in the fuel cell [PLN].

Total income from sales of electricity and heatdueed in
the installation:

Incomeege = Incomey + Incomes (26)

where:Income.,..; —Total income from sales of electrici-
ty and heat produced in the installation [PLNjcomey —
annual income from sales of electricity and heaidpced
in cogeneration [PLN], [ncomez _ annual income from
the sale of electricity generated in the fuel ffelIN].

Prices used in the calculation of certificates aal® of
electricity and heat were based on the averagheoptices
of April 2015, according to the Power Exchange émal
Energy Regulatory Office and they are summarizedian
ble 1.

Table 1. Certificate price and sale of electricyd heat
(Own elaboration based on data from the Polish P&xe
change and URE — 18.09.2015)

Tab. 1. Cenywiadectw pochodzenia oraz sprzeglener-
gii elektrycznej i ciepta (Opracowanie wlasne nalgtawie
danych z Towarowej Gieldy Energii i URE — 18.09201

Table 2. Physical and chemical parameters for wdnay
mesophilic inoculum

Tab. 2. Parametry fizykochemiczne dla permeatu aerw
kowego i zaszczepki mezofilowej

. Dr Organic dr
pH Condug:tmty mat¥er %atter Y
[mS] [%] [% s.m.]
Innoculum| 8,03 17,45 3,35 65,72
Whey 4,95 10,10 7,00 90,00

Price Unit
Green certificate 114,69 PLN/MWh
Yellow certificate 117,51 PLN/MWh
Electric energy 156,49 PLN/MWh
GJ heat 25,00 PLN/GJ

Source: own work Zrodio: opracowanie wasne

5. Results and discussion

5.1. Biogas and hydrogen efficiency
The results of the analysis of physical-chemieabme-
ters of whey were collected in Table 2.
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Source: own work Zrodio: opracowanie wiasne

The parameters were needed to determine the propor
tion of fermentation mixture, followed by the cdktion of

the theoretical hydrogen efficiency and the biogtigien-

cy. The researched substrate was characterized dny a
matter content of 7%.

The average fermentation time of whey was approx.
12 days. The largest peak production of biogas Hesen
observed in the first three days of the researagu(e 1).
This is due to intensive degradation of lactosejleale-
gradable disaccharide, by hydrolysis. A significdetrease
in the daily gas production was observed on thetfoday.

It was because the process of hydrolysis starteulydivo-
lyze other degradable chemical compounds that wene
difficult to degrade.

350 [
3,00 |

2,50 |
2,00 (]
1,50
1,00 (|
050 ¢
0,00 ¥

Volume [dm?]

] :nﬁqﬂ*l g 7‘1 tm [ﬁﬂ%ﬁs'?
2 3 4 5 & 7 8 9 10 11 12 13

Fermentation time [time]

Source: own work Zrodto: opracowanie wiasne

Fig. 3. Daily biogas and methane production froneywh
Rys. 3. Wykres dobowej produkcji biogazu i metatau d
permeatu serwatkowego

The mesophilic fermentation of whey, based onhfres
weight of Mg substrate, obtained 49.92 of biogas it had
an average methane content approx. 49% (Table 3).

The whey biogas potential that the research shased
713.12 m/Mg d.m., which is approx. 125 ¥Mg d.m.
higher than the potential of maize silage, commasigd in
agricultural biogas plants [13].

During fermenting whey in the methane and the dyen-
methane fermentation process an appropriate ratidl €atio
is required in the compounds into the fermentatiactor.

When fermenting whey in the methane and the hydro-
gen-methane fermentation process is required aroppp
ate ratio C / N ratio in the compounds into therfentation
reactor.

According to [12], from 1 mole of lactose in ddek-
mentation it is possible to obtain from 1.5 to thdles of
hydrogen. Different Kl production efficiency, according to
literature data, may be the result of differentqeiss condi-
tions and different variety of microbial culturesed. [2, 3,
5, 8, 9, 12, 20]. Based on these results, the dtieaf hy-
drogen-methane efficiency of whey can be obseruetar
ble 4.
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Table 3. Biogas efficiency of whey in mesophilicnfentation
Tab. 3. Wydajn& biogazowa permeatu serwatkowego w fermentac;ji fiwze|

Fresh matter Dry matter Organic dry matter
Methane Cumulated Cumulated Cumulated Cumulated Cumulated Cumulated
: : methane biogas
Sample percentage methane biogas methane biogas [m¥Mg [m¥Mg
0 3 3 3 3
[%] [mMgf. m.] | [mMgf m.] | [mMgd. m.]| [mMgd. m.] o.d.m] o.d.m]
Whey 49,01 24,47 49,92 349,50 713,12 388,33 792,34

Table 4. Theoretical hydrogen-methane efficiencwbéy
Tab. 4. Teoretyczna wydajfiovodorowa i metanowa dla permeatu serwatkowego

Source: own work Zrodio: opracowanie wiasne

Fresh matter Dry matter Organic dry matter
Cumulated Cumulated Cumulated Cumulated Cumulated Cumulated
Sample hydrogen methane hydrogen methane hydrogen methane
[m%Mg f. m.] [m%¥Mg f. m.] m¥Mgd. m] | [m¥Mgd.m] | [m¥Mgo.dm] | [m¥Mgo.d.m.]
Whey 10,76 16,30 153,72 261,80 170,80 290,80

In the results of the hydrogen-methane fermentatioe
theoretical production of hydrogen and methaneims of
fresh matter in Mg is respectively 10,76 and 16.30 rh
These assumptions include the reduction of metipaoe
duction by using part of the intermediate metabslit
formed during the decomposition of whey, for thedarc-
tion of hydrogen.

5.2. Economic analysis

Annual production of whey in the selected dairgrpl
will be approx. 146 000 Mg. Table 5 shows the sifigal
results of the energy and economic calculationdoéts not
include installation costs, heating tanks, transpod the
purchase of the substrate.

Table 5. Income from sales of electricity and h@aduced
in the installation

Tab. 5. Przychéd ze sprzegleenergii elektrycznej i ciepta
wyprodukowanych w instalacji

Source: own work Zrodio: opracowanie wasne

The annual energy potential of whey produced m th

selected dairy plant and used in an innovativeallaton
for the production of hydrogen and biogas is apptdx326
MWh of electricity and approx. 9 603 MWh of heatel
estimated amount of electricity generated in tred aell is
approx. 24,5% of the total energy installation.
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| Cogeneration unitf  Fuel cell
Electric and heat energy
Electric energy [MWh] 8 536,32 2 790,02
Heat [MWh] 9 603,36 -
Heat [GJ] 35 048,74 -
Power of the installation
Electric power [MWe] 0,99 0,32
Heat power[MWi] 1,12
Income
Electric energy [PLN] 1 335 848,14 436 611,01
Green certificate[PLN] 979 030,12 -
Yellow certificate [PLN] 1003 102,53 -
Heat [PLN] 876 218,60 - 2]
TOTAL [PLN] 4 630 810,40

48

Source: own work Zrodto: opracowanie wiasne

The nominal power cogeneration plant installedhie
biogas plant is 0,99 MW of electricity and 1,12 MyY
heat, while the fuel cell power is 0.32 MW of ehgity. It
is also possible to locate three or four unitsriheo to avoid
suspending production and economic losses causeh-by
gine failure or by the need to replace oil. Totah@aal in-
come from sales of electricity and heat producetthénbio-
gas plant is 4 630 810 PLN.

6. Conclusions

1. Whey permeate is problematic waste from the paint o
view of dairies. The high disposing cost of therhi§OD
and COD load waste water, often exceeds the incarhes
the company, it leads to a necessary reductioheptod-
uct production in these companies. It is, therefoeces-
sary to modify the current practice of productiom aise of
the whey as a valuable feedstock for energy praotuct

2. The construction of an installation for using whay
a source of biomass in the methane-hydrogen featient
process, will allow to reduce the cost of environiaé
charges and also to generate additional income.

3. The proposed installation of 0,99 MW of electriecen
gy, 1,12 MW of heat and 0,32 MW of electric eneogigi-
nated in the fuel cell would be located at the ydaiant
producing annually approx. 146 000 Mg of the merdib
waste. Annual incomes for dairy plant would amonnatre
than 4,5 million PLN.
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