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Considerable efforts are made to generate drop-in aviation fuels from microalgae to avoid competition
with food production. Synthetic biofuel from oil-rich biomass is produced along four process lines: cultivation,
harvest, extraction of raw material and conversion to fuel. This study deals with the life cycle assessment of fuel
obtained from cultivation of the fresh water alga Auxenochlorella protothecoides and concentrates on the culti-
vation in open ponds as well as the harvesting steps preconcentration, electroporation and dewatering. Energy
balance and environmental impact is analysed using GaBi software and data base. The main goal is to identify
those factors or processes exerting the strongest impact, either environmentally or from the point of view of the
energy balance. Production of one kilogram of dry oil-rich algal biomass (kg DM) consumes 118.56 MJ of pri-
mary energy. The primary energy demand is apportioned as follows: 71.7 % during proliferation in Erlenmeyer
flags and bubble columns, 15.5 % by cultivation in raceway ponds and 12.8 % in preconcentration, electropora-
tion and dewatering. This converts into a net energy ratio (NER) of 0.266 and a CO,-equivalent of 6.45 kg CO,
per kg DM. These values are disadvantageous when compared to kerosene (NER = 0.867, 0.384 kg CO, per kg
kerosene). Production can be optimized using process energy from regenerative sources such as hydroelectric
power (NER = 0.545, 1.27 CO, per kg DM). In this case total primary energy input must be corrected for the
portion of renewable sources resulting in a NER,, of 3.04. CO,-equivalents per kg DM remain unfavourably
high as compared to kerosene; the main driver responsible for this discrepancy is the usage of freshwater and
fertilizer.

Biofuel, microalgae, auxenochlorella protothecoides, energy balance, electroporation, renewa-
ble energy.
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019 From an economical point of view it is
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corr corrected without any alterations to the aircraft and the
NER Net energy ration engines (drop-in fuels). Possible processes to
DM Dry matter produce drop-in fuels focus on Fischer-
N Nitrogen Tropsch synthesis applied to coal, gas or
P Phosphorous biomass (CtL, GtL, BtL) and hydration of

1 INTRODUCTION

Biofuels currently are mostly produced
from terrestrial plants containing oil, starch
or sugar such as soy beans, raps, corn and
sunflower seeds or palm oil. Present tech-
nologies are almost fully developed but cul-
tivation involves substantial land use and
needs fertile soils 5. Hence, considerable
efforts are made to generate biofuels (includ-
ing biodiesel) from other sources to avoid
competition with food production. This is
especially true for aviation fuels. Microalgae
turned out to be an almost ideal alternative as
they contain significantly higher concentra-
tions of oil and carbohydrates, possess high
to very high photosynthetic activity and re-

vegetable oil (HVO). Raw material is con-
verted to carbohydrates possessing almost
identical chemical properties when compared
to kerosene (7, 8). BtL and HVO from mi-
croalgae are considered an environmentally
sensible alternative with high potential to
replace fossil resources.

2 PRINCIPLES OF BIOFUEL PRO-
DUCTION FROM MICROALGAE
Biofuel is produced along four process
lines: cultivation, harvest, extraction of raw
material and conversion to fuel. Cultivation
is managed in open or closed systems (1, 3,
5). Open systems are simple, cost-efficient
and mainly composed of concrete ponds
(raceway ponds) where the alga suspension is
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driven by paddle wheels 1. However, such
systems are susceptible to contamination and
changes in the dissolved load as a result from
evaporation or precipitation 1. Closed sys-
tems (photobioreactors) are complex, require
intense maintenance and demand much more
energy than open systems (5, 15). Both sys-
tems need carefully adjusted quantities of
nutrients (N, P), CO, and light. Harvesting
methods (centrifugation, flotation, filtration,
and flocculation) depend on species composi-
tion of the alga suspension and cell sizes 1.
After compaction the remaining intracellular
water must be extracted by mechanical or
chemical methods. In the final step lipids are
converted to biodiesel or HVO and oil-rich
biomass is transformed into BtL 6. Our re-
search project concentrates on the life cycle
assessment of synthetic fuel obtained from
cultivation of a fresh water alga (Aux-
enochlorella protothecoides) particularly
well suited for biofuel production as a result
from its very high photosynthetic activity and
oil content. Energy balance and environ-
mental impact is analysed using GaBi soft-
ware and data base 19. This paper presents
results from the life cycle assessment of the
cultivation, harvest and extraction paths of
the production chain leading to oil-rich bio-
mass.

3 LIFE CYLE ASSESSMENT

Input, output and environmental impact
are quantified following the procedure de-
fined in DIN EN ISO 14044, i.e. study goal
and scope, inventory analysis, impact and
interpretation 9. On this background it is pos-
sible to clearly identify those factors or proc-
esses exerting the strongest impact, either
environmentally or from the point of view of
the energy balance. Industrial-size plants for
the production of biofuel from microalgae do
not exist until today but a wealth of data is
already available from laboratory and pilot
plants (2, 4).

Within the scope of this study the fol-
lowing assumptions and parameters are made
and set:

- the functional unit of life cycle assessment
is 1 kg dry matter (kg DM)

- biomass production and extraction is per-
formed in Europe

- evaporation totals 10 | m™ d and thus does
not require fertilizer compensation or dilu-
tion 1

-1 kg DM fixes 1.8 kg CO; (5, 21)

- concentration of suspended organic solids
(Cg) is constant throughout the cultivation
process (Cg = 1.3 g/

- residual water from the harvesting step(s)
can be recycled without further treatment;
excess water enters the waste water bal-
ance

- the calorific value (H,) of 1 kg DM is
31.55MJ 16

- stepwise cultivation following the initial
laboratory stage produces less contamina-
tion than continuous cultivation 3

- facilities and in particular cost and envi-
ronmental impact related to their produc-
tion do not enter the life cycle assessment.
This is common practice in assessments of
long-lived and highly productive assets on
the reason that the emissions caused by
the working unit surpass those of facility
manufacturing by several orders of magni-
tude 19.

4 INVENTORY ANALYSIS OF PRO-
DUCTION OF OIL-RICH BIOMASS

4.1 Cultivation

Cultivation is a stepwise process chain
(Fig. 1) starting with breeding under con-
trolled laboratory conditions, proliferation in
Erlenmeyer flags and further alga enrichment
in bubble columns followed by raceway
ponds of increasing capacity. Proliferation in
Erlenmeyer flags takes 7 days. Further en-
richment takes 10 days per step; lipid en-
richment in the last step takes 15 days. Each
cultivation unit must be inoculated with fresh
alga suspension to avoid contamination with
other algae or undesired organisms 4. The
inoculation volume amounts to 10 - 15 % of
the volume of the cultivation unit; the rest is
fresh water. Preceding units must be multi-
plied according to the inoculation volume
needed in the following unit (Fig. 1).
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Fig. 1. Oil-rich biomass is produced along four process lines: cultivation, preconcentration,
electroporation and dewatering

A typical path through the production
steps requires the following quantities:

- two 1.221 | bubble columns replenish
one 20 | bubble column

- seven 20 | bubble columns replenish
one 1000 | raceway pond

- three 1000 I raceway pond replenish
one 15000 I raceway pond

- further steps are explained in Fig. 2.

The last step (lipid enrichment) occurs

in a 1500000 I raceway pond. In com-

parison the foregoing steps it takes 15

days; thus, to obtain a harvest every 10

days two of these large ponds are

needed. The final output totals 1950

kg DM per pond.

For optimal growing Auxenochlorella
protothecoides requires accurate doses (Tab.
1) of nitrogen (N), phosphorus (P), magne-
sium (Mg), iron (Fe) and calcium (Ca). Bio-
mass enrichment works best at a nitrogen
concentration of 2 mmol per litre. In the last
step, however, this concentration must be
reduced to 1 mmol per litre because other-

wise algae will not enrich lipids. Constant pH
control to buffer the input of CO, is main-
tained with KH,PO,4 (3 mmol per litre) 4.

Tab. 1. Nutrient concentration in mmol I* 4

Nutrient mmol I
(NH),2HPO, 2.0
KH,PO, 3.0
MgSO,*7 H,0 0.5
FeSO4*7 H,0 0.02
CaCl,*2 H,0 0.2

The proliferation step in Erlenmeyer
flags needs electrical energy for illumination,
cooling, aeration, the orbital shaker and
cleaning totalling 66 kwh in 7 days for
200 ml alga suspension in two flags. Ensuing
cultivation in two 1.221 | bubble columns
consumes 377.2 kWh for illumination, air
conditioning and injection of CO,. A 201
bubble column expends 353.4 kWh in 10
days. lllumination scales per area while cool-
ing scales per volume (Q~V%3).
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Suspension in raceway ponds is kept in
circulation by paddle wheels producing a
mean of 30 cm s™ consuming 0.016 kWh m’
2d* (4, 3). In the last pond (lipid enrichment)
circulation requires 0.65 kWh per kg DM
whereas all previous ponds consume
0.41 kWh per kg DM. The carbonator injects
2.6 kg CO; per 75 m? surface in 10 hours 3;
per kg CO, 0.0222 kWh are needed 17. It is
economically and ecologically favourable to
use industrial flue gas from power plants 22.
Excess CO; via outgassing from the water
surface enters the life cycle assessment. Pho-
tosynthetic produced oxygen is regarded as
an emission. Transferring suspension among
raceway ponds with circular pumps yielding
50 m* h consumes 9 kW 14. Energetic re-
quirements are summarized in Tab. 2.

Tab. 2. Process energy of raceway pond in kWh
per kg DM (1, 14, 17)

kWh per kg DM

Process step

Paddle wheel 0.41 (0.65)
COy-injection 0.0222
Pumping 0.138

4.2 Pretreatment

The green alga Auxenochlorella proto-
thecoides measures 2 - 12 um 13. As a result
from this size distribution it is compulsory to
use centrifuges to guarantee an adequate
throughput and the desired concentration of
Ce = 100 g I'". A special disk separator for
microalgae providing a throughput of
24 m* h™ possesses 30 kW effective capacity
(11, 20).

4.3 Electroporation

A common method to accede the cell
water is the destruction of membranes by
electroporation under high voltage producing
holes permeable for water molecules (1012).
Until today only pilot plants are functional
yielding a throughput of 0.5 1 h™ consuming
1.5 MJ per kg DM 10.

4.4 Dewatering

Final solid-liquid separation must re-
move interstitial and intracellular free water
to separate the concentrate of oil-rich bio-

mass using disk separators from the pre-
treatment step.

Tab. 3 summarizes energy inputs and
operation materials for the complete produc-
tion chain normalized to 1 kg DM.

Tab. 3. Energy inputs and operation materials
for the complete production chain normalised to
kg DM (1, 14, 17)

Amount per

Process step kg DM Unity
Laboratory Cultivation

Electric energy 8.578  kWh
Fertilizer 2,1:10* kg
Fresh water 0.228 kg
Raceway ponds

Electric energy 0.802 kwh
Fertilizer 0.729 kg
Fresh water 2.6 kg
CO; 564.4 kg
Preconcentration

Electric energy 1.1 kwh
Electroporation

Electric energy 0417  kwh
Dewatering

Electric energy 0.0125  kWh

5 RESULTS

Fig. 2 details the distribution of the
primary energy demand among the different
production steps leading to the reference
mass (1 kg DM). The cumulative primary
energy demand for the entire process chain is
118.56 MJ per kg DM. The primary energy
demand is apportioned as follows: 71.7 %
during proliferation in Erlenmeyer flags and
bubble columns, 15.5% by cultivation in
raceway ponds and 12.8 % in harvesting
steps (pretreatment, electroporation, dewater-
ing). It is obvious that the high primary en-
ergy demand of the laboratory stage results
from energy consuming processes such as
cooling (82.8 %) and illumination (10.5 %).
The primary energy demand for operation
material is under 1 %o. In a balance of the
complete production chain process energy
again is responsible for the bulk of primary
energy demand (91.2%). Fertilizer and
freshwater account for 8.8 %.
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Fig. 2. Distribution of the cumulative primary energy to produce 1 kg DM

Modelling the production of the refer-
ence mass (1 kg DM) with GaBi (Fig. 3) re-
sulted in a total primary energy demand of
118.56 MJ distributed between process en-
ergy (39.27 MJ) and operational material
(10.4 MJ related to 567.957 kg). 102.8 MJ
out of the sum of 118.56 MJ are from non-
renewable sources and 15.76 MJ are from

regenerative input. The non-renewable por-
tion splits into process energy (90.2 %) and
operational material (9.8 %). Process energy
enters modelling as European energy mix
requiring 2.75 MJ primary energy to create
an output of 1 MJ. Out of these 2.75 MJ
2.36 MJ correspond to non-renewable and

process energy
2=39.27 Ml
r‘] EITIEAT '\ \,‘[1'.,"!1_':\'
demand
primary energy non-renewable:
demand Y =02T73MI
for renewable:
[rocess energy > =1543 Ml
and operational
operational meaterial
material
¥ =118.56 M.J

0.39MJ to renewable sources 19.
production
chain | kg DM
of = ¥
oil-rich calorific value
biomass H,=31.55M]

Fig. 3. Composition of the primary energy consumption to produce 1 kg DM algal biomass

Relations between the type of process
energy and the corresponding portions of
non-renewable/renewable sources of energy
are shown in Fig. 4. Photovoltaic energy
production rises the cumulative primary en-
ergy demand from 118.56 MJ to 315.6 MJ
but the split into 18.98 MJ non-renewable

and 296.66 MJ renewable ultimately entails a
positive balance. Wind and hydroelectric
energy supply reduce primary energy de-
mand to 110.48 MJ and 57.91 MJ, respec-
tively. In these cases the non-renewable por-
tion is even below 2 %.
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Fig. 4. Primary energy consumption in MJ per kg DM depending on different sources of electric energy

The net energy ratio (NER) turned out
to be a useful term when largely differing
products linked with different processes are
to be compared. The ratio compares the calo-
rific value (H,) of a product with total pri-
mary energy demand involved in production
16.

calorific value

NER= total primary energy demand (1)

Consequently, a process is economi-
cally reasonable when NER is >1 because
less energy is required for production than
stored in product. For the case studied here
the NER related to the production of 1
kg DM is 0.266 (H, = 31.55 MJ, cumulative
demand = 118.56 MJ). This is unfavourable
per se and it is even more so when compared
to the NER of kerosene (0.867) 19. Using
wind energy rises the NER to 0.286; water
energy increases NER to 0.545 but photo-
voltaic energy sources result in very low val-
ues (NER =0.1). However, as this balance
integrates both non-renewable and renewable
sources of primary energy demand a correc-
tion must be applied to the renewable portion
because it is supposed to be environmentally
neutral and does not imply the use of fossil
resources. Accordingly, NER is calculated
as the relation between H, and the non-
renewable portion of the primary energy de-
mand 18. In Tab. 4 NER and NER, of the
process chain leading to algal biomass pro-
duction are plotted against different sources
of energy and compared to kerosene.

calorific value
non-renewable primary energy demand’

NER, ., = 2

Tab. 4 - NER and NER,,, of the process chain
leading to algal biomass production for different
sources of electric energy and for kerosene

Sources of electric energy NER  NERu«
European energy mix 0.266 0.307
Photovoltaic energy 0.1 1.66
Wind energy 0.286 2.66
Hydroelectric energy 0.545 3.04
for comparison

Kerosene 0.867 0.869

It is most remarkable that even the ini-
tial biomass production path of biofuel pro-
duction from microalgae is economically
only reasonable when renewable sources of
energy are used. Expectedly, CO,-
equivalents also are well below the reference
value of kerosene: 6.45 kg CO,-equivalents
per kg DM as compared to 0.384 kg CO,-
equivalents per kg kerosene 19. If process
energy is derived from renewable sources
COz-equivalents per kg DM reduce to 1.76
(photovoltaic), 1.33 (wind) and 1.27 (water).
Even so the values are still higher than in the
case of kerosene; the main driver responsible
for this discrepancy is the usage of freshwa-
ter and fertilizer.

6 CONCLUSION
This study quantitatively demonstrates
that production of one kilogram of algal
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biomass from the fresh water microalga Aux-
enochlorella  protothecoides  consumes
118.56 MJ of primary energy. This corre-
sponds to 91.2 % of the total process energy;
the remaining 8.8 % relate to use of fertiliz-
ers and fresh water. Employing European
electrical energy mix results in a COg-
equivalent of 6.45 kg CO, per kg DM and
delivers a NER of 0.266. This value is ad-
verse to that of kerosene (NER =0.867). If
process energy originates from regenerative
sources the CO2 equivalent drops to 1.27 of
CO; per kg DM and the NER rises to 0.545.

NERcor considerably improves from 0.545 to
3.04 when total primary energy input is cor-
rected for the portion of renewable sources.
Hence, it becomes clear that generation of
algal biomass for synthetic biofuel produc-
tion is economically and environmentally
disadvantageous unless primary energy input
stems from renewable sources. In particular,
this implies that independently from all other
processes of the production line (e.g., refin-
ing, transport) all processes and operational
materials must be strictly designed to the
principles of minimal release of CO,.
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OIIEHKA IMTPOM3BOJCTBEHHOM HENMOYKH BUOMACC
W3 HACBIIIEHHBIX )KHPAMHA MUKPOBOJIOPOCJIEA
JJIA HOJIYYEHUA ABUAIIMOHHOT'O BUOTOIIVIMBA
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WNHucturyT aBuanmoHHbIX Asurarencii Yuusepcurera llltyrrapra, 'epmanus

B Hacrosmmee Bpems puitaraloTcs 3HaUYUTENbHBIC YCHITUS IS CO3/IaHMS aBHAMOHHOT'O OMOTOILIMBA U3
MHKpPOBOJIOPOCIICH, aOCOMIOTHO B3aMMO3aMEHSIEMOrO C TPAIWIIMOHHBIM BHAAMH ABHAIMOHHBIX TOIUTMB. OTH
JIEWCTBHS OCYIIECTBIIIOTCS, YTOOBI HE HCIOJIB30BaTh ISl 3THX IeJeld MpOAyKThl muTaHui. CHHTETHYecKoe
OMOTOIUINBO M3 OMOMACCHl C BBICOKUM COJIEp)KaHHE KUPOBBIX KOMIIOHEHTOB HM3T'OTAaBIMBAETCS IO CIETYIOMIeH
TEXHOJIOTMUECKOH [IENOoYKe: BRIpAIIMBaHIE KYIbTYp, cOOp yposkas, W3BJIeUeHHE CHIPbEBON 0asbl, mepepaboTKa
e€ B TOIUIMBO. DTO HCCIIEIOBAHNE MOCBSIIEHO TEXHOJIOTMIECKOMY LIHKITY IPOU3BOACTBA TOIUINBA, MOIYIEHHOT O
KynpTHBHpOBaHueM Bomopocieir Auxenochlorella protothecoides B mpecHoii Bome W cOCPEIOTOYCHO Ha
KyJIbTUBUPOBAHUH KYJIBTYPHI B OTKPBITHIX BOJOEMAX, a TAakKe Ha MOCIEOBATEIBHOCTH ICHCTBHUH B X01e cOopa
CBIPbS, TAaKWX Kak. TpeaBapUTeNbHOE oOoTamieHne, O3JEeKTpornopanysi ¢ 00e3BOXKHMBaHHWE. TOILIMBHO-
SHEPreTHYECKUH OanaHC M BO3AEHCTBHE Ha OKPYKAIOIIYIO CPely aHAIM3UPYETCs NMPU TOMOIIN ITPOTPAMMHOTO
nakera GaBi u 0a3bl manHbIX. [MaBHas 1ens pabOTHI 3aKIOYAETCS B BBUIBJICHHH (HAKTOPOB M IPOIIECCOB,
OKa3bIBAIONINX HAWOOJBIIEEe BIMSHHE KaK HAa HKOJOTMYECKYIO COCTABISIONIYIO, TaK M Ha JHEPTreTHUECKHH
Ganmanc. Tak 175 MPOM3BOACTBA OJHOTO KHMJIOrpaMMa OOE3BOKEHHOW OMOMAacChl M3 BOJOPOCIEH C BBICOKUM
COlep)KaHMeM JKUPOBBIX KOMIIOHEHTOB (KI' CyXOro BemiectBa) Tpebyercst 3arparuts 118,56 MJDx sneprum.
IMoTpebnenne sHeprum pacmpenesercss ciemyromuM obpasom: 71,7% pacxomyercs B mporecce pocTa
MHKPOOPTaHM3MOB K Koj0ax OpieHMmelepa u B Oapbormpyrommx depmentépax, 15,5% wncmons3yercs s
BEIpAlllMBaHUS B KaHamax Bomoéma u 12,8% motpebmsiercs Uil TpeABApUTEIBHOTO OOOTaIICHUS,
aJIeKTporopanun 1 0be3BoxkuBanus. [Ipeobpasys BemmumHbl B cooTHomeHue cymmaphoii sxeprun (NER),
nomyuriu 3HadeHne 0,266, a B CO, skuBanente nonyumwn 6,45 kr CO, Ha KT cyxoro Bemecta. [lomydeHHbIC
3HAYCHMsI Xy)KE aHaJorm4HbIX 3aBucumocteil st kepocura (NER = 0,867; 0,384 kr CO, Ha Kr KepocuHa).
[Tpon3BonCcTBO MOXKET OBITH ONTHUMHU3HPOBAaHO Ojarofgapsi WCIOJIBb30BAaHMIO TPEeOyeMOW JSHeprum u3
BO300HOBIISIEMBIX MCTOUYHHKOB, TaKHX, HampuMep, Kak ruapoasekrpoctanimu (NER = 0,545; 1,27 xr CO, Ha kr
CYXOro BellecTBa). B 3ToM ciydae cymmapHasi BENMYMHA YHEPTHM HA BXOMC NOJDKHA OBITH CKOPPEKTHPOBAHA
MPU UCIIOJIb30BAHUK BO300HOBIsIEMbIX UcToYHNKOB, npuBoasiumx NER k 3,04. Tem ne menee, ouenka CO,
9KBHMBAJICHTA Ha KWJIOIPAMM CYXOT'O BEIIECTBa OCTAETCsI IO - NPEKHEMY HEOIaronpHsaTHO BBICOKOM B CPaBHEHUH
¢ KepocHHOM. OCHOBHOW NPHYMHOW CTOJH CYIISCTBEHHOTO PAa3JWYMsl SBJIACTCS HCIOJB30BAHUE YHCTOU
mab0opaTOPHON BOBI U yIOOPCHIHA.

Buomonﬂueo, MquOGO()OpOCJZu, monﬂugHo-aﬁepeemuquKuﬁ 6CZJZCZHC, aJekmponopayust, 60300H06I5IeMAS
oHepcust.

HNudopmanus 006 aBTopax

I'epep Manysna, HayyHbIi COTpyHA- JABUrareind, OWOTOIUIMBO, BO30OHOBIIAEMAas
HUK, VHCTUTYT aBHAnMOHHBIX [BUIaTelIed JHEPIUs.
(ILA), Yuusepcurer llryrrapra, ['epmanus. Celippun XapTmyT, [TOKTOp HayK,
OO6nacTe HayyHBIX MHTEPECOB: aBUALIMOHHbIE mpodeccop,  MHCTUTYT  MJIaHETOJIOTHH,
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YHusepcurer [Iryrrapra, I'epmanus.
OO6nacTe HayYHBIX UHTEPECOB. aBUAIIMOHHBIE

IBUATATENW, OHOTOILIMBO, BO300HOBIAEMAS
SHEprusl.

Iraynaxep Credan, IOKTOp HayK,
podeccop, WNuctutyr aBHALIMOHHBIX

JIBUTATENEeH (ILA), YHuBepcurer
Mryrrapra, TI'epmanms. E-mail:  steph-
an.staudacher@ila.uni-stuttgart.de. OGxactb
HAYYHBIX HUHTEPECOB: aBHAIMOHHEIC
IBUTATENY, OHOTOIIMBO, BO300HOBIIAEMAS
SHEPrusl.

235



