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Abstract

Due to the irregular nature of solar resource,rga@tovoltaic (PV) system alone cannot satisfylloa

a 24/7 demand basis, especially with increasingmnad population in developing countries such as
Thailand. A hybrid solar PV/biomass based alondpWdttery storage system has been drawing more
attention to option since it promises great deahafllenges and opportunities for different rurales.
Thailand rich with higher level of agricultural @®and biomass materials, is a prospective caredidat
deployment of bio-power to complement such hybygtems. To this end, in this study a customized
hybrid power system integrating solar, biomassdagh power and battery storage system is evalaated
pilot scale for micro off-grid application. This e shows that for a reliability of a hybrid syniga¢ar

PV system along with rechargeable batteries, thgas/generator can guarantee a continuous 24 hours
electricity supply in case of shortage of energyifty on cloudy day and at the nighttime). Two
consecutive days of commissioning phase are nagdssdhe entire system to operatdich is a solid
basis for including the syngas generator in theidydystem. Furthermore, the generator has to be
always synchronized during the commissioning tiBegtery state of charge (SOC) in percent (%)
connecting with syngas is greater than solar PVthadaharging time appears significantly shortanth
that one. All possible combinations between anwation and existing systems can serve as a guélelin
for making similar studies in the context of diffat off-grid sites and more. Next, optimal scaleang
design of hybrid power system for different offdyapplications will be performed including

comprehensive uncertainty analysis to facilitateust and renewable electricity generation.

Keywords: Torrefied rubber wood, Modified downdraft gasifi&yngas, Internal combustion (IC)

engine, Hybrid solar PV/syngas/battery system, [@hdi
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Nomenclature

LHV
HHV

m

CCE

CGE

gas

moigt

BTDC
kWp

SOC

ASTM

ASME

Subscript
moist

ref

low heating value [MJ/kg or MJAh
high heating value [MJ/kg or MJ7n
mass flowrate [kg/h or¥h]
revolutions per minute [r.p.m]

carbon conversion efficiency [%0]

cold gas efficiency [%0]

total volume of syngas [N#n]

dry gas yield [Nrikg]

weight fraction of biomass moisture [%wt]

before top dead center [degree]
kilowatt peak

state of charge [%0]
Internal Combustion

American Society for Testing and Materials

American Society of Mechanical Engineers

moisture

reference

Greek symbols
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n efficiency

A air to fuel mixture

(0] equivalence ratio
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1. Introduction

About 60% of the Thailand population lives in theal areas, and around 12% of the rural households
i.e., most living in small remote villages and &eld islands still lack access to grid electrifgtwork
2015). Obviously, higher electricity line expendeansmission and distribution losses (T&D lossex)
the large infrastructure required for regular O&Mka the rural electrification through conventional
grid extension an economically unattractive opfamthe remote areas (Rajbongshi, Borgohain et al.
2017). Also, a utility grid extension for grid cagoted main system is infeasible administratively thu
such conditions as dispersed people and obstaelatogn (IEA 2011; Mainali and Silveira 2013).
Recently, the Thai's government has set the tarfgetising the access rate to the reliable, gridhtu

and affordable prices electricity services to 8duhe rural households by the year 2025 (IEA 2016).
The Government aims to provide electricity to ueesiified villages through renewable energy
applications. This has drawn extensive public &tarto the need of off-grid system on a stand-alon
power system (SAPS) from renewable energy systRES$) such as solar photovoltaics (PV) power in
many regions. In fact, solar energy is regardea @esan, climate-friendly, abundant energy resqurce
and with cost-effective characteristics (decreaswsj of PVs). This makes PVs among the likely ab

energy supply solutions to such rural areas (S8lagonthana et al. 2015).

However, the techniques and smart methods for efficent solar performance are still evolving. A
major disadvantage of solar power is its discomtirsuand irregular (dependency on weather condjtions
nature — the sun doesn’t shine 24 hours a day. Wteesun goes down or is heavily shaded until night
falls, solar PV panels stop producing electridiikewise the energy yield of solar panels decreases

cloudy or foggy days since less sunlight can pasgsigh the clouds to reach solar panels; however,

Full manuscript (S. Kohsri et al., 2017) (Cleansien) R1 Page 5 of 5
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92 these weather conditions do not mean that no elqmwer is produced — just a lot less (Yamegueu,
93  Azoumah et al. 2011). The risk factor of energyptys mainly due to dependence on sunshine hours
94  which are changeable. As a matter of fact, ther sokdiance levels and the electricity demand time

95 distributions do not match. It is therefore necgssaconsider other renewable energy sourcesdaror

96 to enhance the energy availability and securityasion in Thailand.

97  The concept of a hybrid power system depends oty faators. One of the alternative solutions for

98 addressing these above challenges would be a hgtiiad PV system which combines two energy

99  sourcewith a variable output. An appropriate choice afaaative technology for the additional energy
100  sources should consider the following criterialigbio utilize diverse fuel sources, emissions
101 reductions (climate friendliness), and efficienciésrthermore, combining the two sources of salar a
102  another thing can provide better reliability andithybrid system becomes more economical to operat

103  since the weakness of one system can be completnentee strength of the other one.

104 Inrural areas of the Southeast Asian countriesTikailand, around 80% of people still use agrigalt

105  biomass wastes into solid charcoal and residuabiydar their energy need (Pode, Diouf et al. 2015;

106  Samiran, Jaafar et al. 2016). Advancement in tomass-to-energy conversion technologies has revived
107 interestin the use of these feedstock becaude mnewable and carbon—neutral nature. Among these
108  conversion technologies, biomass-derived syngafiqgdmn is the most reliable and can be converted
109  into many forms such as heat, electricity and bigld (Hagos, Aziz et al. 2014; Hunpinyo, Cheahlet

110  2014). Due to the electricity production in biomagasification technology, producer gas can be used
111 directly as fuel in a spark ignition internal corstian (IC) engine coupled with a generator setéied

112 genset) (Reed, Das et al. 1988; Lv, Xiong et ad42®1si, Wang et al. 2008; Basu 2010).
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A modified engine-generator set plays a major molde distributed power generation for an electric
output requirement (Fanelli, Viggiano et al. 201#has very durable, versatile and flexible apgtiiens

in moving and stationary machineries. Comparedfterdnt fuel types of combustion technologies,
syngas genset is believed to have benefits likedapital cost (Singh and Baredar 2016; Singh, Seigh
al. 2016), reliability, easy access to their regdispare parts, easier operating system and coaal
modularity (Lieuwen, Yang et al. 2009). A combustengine system is convenient to use devices
without technical supervision, especially in rematiages and rural communities, located in
mountainous areas isolated from the main electiit th addition, the introduction of syngas uidion
decreases the dependency on fossil fuels. Thibéewsyngas engine-generator set is expected to be
complementary to the intermittent nature of solecteic energy. Electricity generated by genset can
also be connected independently on the primanytiomof storage batteries to guarantee a continuous
24 hours supply for small off-grid systenitierefore, the key challenges of design and oper&bir
hybrid power stations includes the following: atahie replacement of fossil fuels by syngas fuets a
improvement of efficiency for solar energy duririghaght and on cloudy days and optimal combination

with respect to economics and robustness of diftesemponents of hybrid system

To the best of authors knowledge, none of the rekess have worked on the innovation design and
operational system of a hybrid syngas/solar PVa@leith the battery storage in actual off-grid sitoa,
to fulfill the electrical demand of a typical vija. Almost all researchers focused on cost of gnerg
(COE) production and optimum size with the suppbthe HOMER software simulator hybrid
optimization model for electric renewable. In thxéséng literature, several hybrid systems are satea

through solar PWiomass without storage (Bhattacharjee and Dey R2@btar PVhbiomass with battery

Full manuscript (S. Kohsri et al., 2017) (Cleansien) R1 Page 7 of 7
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energy storage (Harish Kumar 2013; Pradhan 20120M04; Singh and Baredar 2016; Singh, Singh et

al. 2016), solar P\Wiomass/diesel with battery energy storage (Rajsln@orgohain et al. 2017).

For instance, (Bhattacharjee and Dey 2014) propad®d-biomass hybrid system for isolated areas of
India. The authors carried out economic analysits@mponent selection with the help of the standard
software tool hybrid optimization model for rurdéetrification. (Harish Kumar 2013; N. 2014)
proposed a PV-biomass based hybrid system foratitotin New Zealand. The system sizing was
obtained with the help of HOMER. (Pradhan, Bhuybal €2013) evaluated a PV-biomass hybrid
system for rural electrification on the basis ofdized cost of electricity (LCOE). To design hybri
system a mixed integer linear programming basedeirtuas been developed, (Singh and Baredar 2016;
Singh, Singh et al. 2016) integrated solar and bssmwesources to develop a mathematical model of an
autonomous PV-biomass energy system with batterl tsaprovide electricity for an off-grid location.
The main contribution is to compare the performasfate applied simulation technique on a large
scale, the results achieved by the artificial bkederty (ABC) algorithm have been compared with
particle swarm optimization (PSO) and HOMER progsalhhas been verified from the results that the
proposed hybrid system is able to manage a smaoteflow with the same optimal configuration.
(Rajbongshi, Borgohain et al. 2017) presented ebattcost analysis of hybrid PV-biomass-diesel
energy system for comparing between grid exteramhoff-grid hybrid energy system in 100
households located on the north zone of India usiogHOMER. It is inferred from the simulation
results that biomass gasification system could ptaymportant role and the best option in energy

generation, particularly in rural areas.

The main objective of this paper is to test and alestrate on a pilot scale reliability and stabibfythe

proposed hybrid solar PV/biomass system with bataergy storage to supply electricity under

Full manuscript (S. Kohsri et al., 2017) (Cleansien) R1 Page 8 of 8
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different electrical load demand during the daye Datcome of this demonstration is indeed important
to provide the local decision-makers (who have ghagricultural biomass resources) with the exgstin
solar PV facilities to consider replacement of fioseels for continuous electricity supply for affid
applications. The manuscript is structured as VYadtaFirst the hybrid power is system presented and
then the principle governing the design, configorad and operational strategies of different
components of are explained in detail. A specialifois given on the section of biomass gasificatian
generator set to guarantee a continuous 24 haecsieity supply. Next the results are presented,
critically analyzed and discussed. Conclusion eaabutlines main findings and future perspectives

from this study.

2. Proposed hybrid solar PV/syngas system in Thailand

2.1 Hybrid solar PV/diesel generator system byazinig) syngas as fuel

Currently, many remote areas of Thailand are fadorae used both generators and solar PV panels for
producing electricity. Namely, diesel generatorp lp@wer applications many aspects of both pring an
standby. Most people live in almost total darkréegsend on diesel/gasoline fuels to provide elattric

in their rural villages where connecting to the mgiid is not possible and generators also help to

overcome issues associated with unreliable, ouddatd non-existent electricity grids.

The majority of commercially-available generatars designed to run on fossil fuels and they have
some major disadvantages and limitations. Firstfulel consumptions are non-linear related to load
ratio, namely, it has low efficiency at low loadnakend in order to increase more levelized costs of
electricity and high price fuel, including the lstical problem of transporting the diesel fuelémbte

areas. Second, Emission levels of diesel fuel aftening IC engine such as N@arbon monoxide
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(CO), hydrocarbons, and particulate matter areywed as a substantial contributor to poor air ¢yadi

the surrounding environment (Kumar, Khare et al3)0

Alternatively in this hybrid system, a new equipmisrused to allow the genset to be fed with bisnas
based synga3he operation of fuel injection system on syngaslieen adopted in many provincial

regions in Thailand and this change has similaiop@ance as diesel engine at 1500 rpm of speed.

2.2 Dispatch strategy of proposed hybrid system

The schematic operation of hybrid syngas/solaébattystem is illustrated iRig. 1. The issue of

dispatch strategy is planned and designed as folpan two scenarios: in normal operating situation
(seeFig. 1a), solar PV provides the load demand during theichey(around 07.00 a.m. to 19.00 p.m.)
during the winter and summer months. The excesgglfhe energy above the average hourly demand;
if any) from the PV panels is charged in the lithibattery until 70% (an initial set-point) or markfull
capacity of the battery status. As showikrig. 1b, a standby syngas genset system is brought-orotine
cloudy days and during at the nighttime (aroun®@Q®.m. to 07.00 a.m.) when solar PV fails to $atis
the load designed and once the level of batteragéo(sed-ig. 1c) has been depleted. This means is that
the syngas genset is used for a backup power systemif-regulation control system is started dit fu
capacity when the battery’s SOC is lower than 40¢imum required and it still runs continuously unti

the battery reaches a specified charge level of &éahen it shuts down automatically.

kkkkkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkhkkkkhkkkhkkkhkkkhkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkhkk

Fig. 1 Dispatch strategy of hybrid syngas/solar/batsgstem through off-grid bi-directional inverter: on
two scenarios (a) the excess energy, (b) and éc3hibrtage energy.

kkkkkkkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkkhkkkhkkkhkkk kkkkkkkkkkkkhkkkkkkhkkkkhkkkhkkkhkkkhkk
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198

199 3. Materials and methods

200 The components of the proposed hybrid system dedlet below including collection and recording of
201  the main data for performance analysis. The hyboider station consists of biomass resource and

202  gasification, syngas genset, solar system compspleatteries and electric loads.

203 3.1 Biomass feedstock and properties

204  The typical biomass uses for the proposed systene ¢aom the furniture factories in Rayong province.
205 Some amounts of waste rubber-wood-sawdust werefieairpellets which is an efficient form to store
206 and transport biomass based fuel source Thus, sarmaptorrefied wood pellet (s€&g. 2) have been

207 selected as the feed material for this study. Notice calorific value of the biomass fuel feedimg

208 gasifier should not be less than 9 MJ/kg (Elsneystiki et al. 2017). The length size of pelletsudtio
209  be between 40 mm and 100 mm in order to ensuregbribe void (i.e. "empty”) spaces in a bed for the
210 gasification process as well as to give the heaisfer from the throat zone upwards. The lowertlimi
211 constraint on pellet size (40 mm) is increasedotiessure drop within the fixed bed at a reasonable
212 level. It has been confirmed experimentally (Mayden, Govaerts et al. 2011) and numerically (Marek
213 2017) that the particle diameter directly effetis pressure drop in fixed beds. The biomass gasdit
214  system is tested with torrefied rubber wood pellgth a moisture content of approximately 6% wty(d
215  basis). The biomass ash and moisture levels simmildxceed 5% wt. and 20% wt. (Elsner, Wysocki et
216 al. 2017). The chemical characterization of thalacrrefied rubber wood used in this study is pred

217 in Tablel. In particular, torrefied rubber wood pellets eharacterized as ASTM standard test method
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Page 11 of 64



218

219

220
221

222
223

224
225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

Manuscript submission for consideration for possitliblication in Chemical Engineering Researchesign
(Sl: Energy System Engineering)

through proximate analysis (Thermogravimetric mdjhaltimate analysis (providing the elemental

composition of the sample) and calorimetric analyfr the heating value), respectively.

kkkkkkkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkkhkkkhkkkhkkkhkkk kkkkkkkkkkkkhkkkhkkkhkkkkhkkkhkkkhkkkkkx

Fig. 2 Torrefied rubber wood pellet used for gasificatiBellets are 10 mm diameter cylinders of

average 50-150 mm length.

kkkkkkkkkkkkkkkkkkhkkkkhkkkhkkkhkkkhkhkkkkhkkkhkkkhkkkhkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkhkk

kkkkkkkkkkkkhkkkhkkkhkhkkhkkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkkkk kkkkkkkkkhkkkhkkkhkkkkhkkkhkkkhkkkhkkkhkk

Table 1 Chemical characterization of local torrefied rublveod tested in gasifier.

kkkkkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkhkkkkkkkhkkkhkkkkkkkkk kkkkkkkkkhkkkkkkkkkhkkkhkkkhkkkhkkkkk

3.2 Modified air-downdraft gasifier and syngas cosipons

The modified gasifier used in this research isramact scale that was designed and built in the’King
Mongkut University of Technology North Bangkok (Rag campus) cooperated with Alternative
Energy System Co,.LtgCo-founder), all parts are fabricated as followamgASME pressure vessel
code (Boiler and Committee 1997; Rao 2009). Thermal volume is capable of at least approximately
40 kg/h up to 50 kg/h for feeding an opening toghednatic diagrams with a typical temperature peofil
and the whole zones are showrFig. 3. In general, hardware of the experimental systeserially
consists of a downdraft gasifier, tar condenserteap bag filter drum, electric vacuum blower @xi
fan) and a flare pipe. This gasifier has four didtreaction zones, which are drying feedstoclcédied
condensing zone), pyrolysis (or called drying zop&jdation and reduction zones from top to bottom
(height of the total bed (H) = 1350 mm, internardeter (ID) of the oxidation zone (D) = 300 mm, ID
of the drying hopper zone (L) = 300 mm, ID of theoat (d) = 280 mm). Principle of operation is a
semi-batch modified downdraft reactor using atmesighair as oxidizing agent. Inner chamber of both

reduction and combustion zones made of stainlest gtade 253MAo0 secure the oxidation at higher

Full manuscript (S. Kohsri et al., 2017) (Cleansien) R1 Page 12 of 12
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241  reaction temperature. In parts of the fabricattbe,entries configurations are consist of a fug@dss, a
242  gasifier reaction zone, air feeding devices (fikad rota-meter) integrated a recuperator box aanaksh
243 removal chamber. For the process control unit (R@wH K-type thermocouples are installed to digpla
244  temperature profiles in the middle of each sigaificzone. The vacuum blower installed after thefrfil
245 tank is varied speed by an inverter and an oxygas® is introduced to regulate automatically the
246  blower frequency. During burning biomass, the gshiaker lies below the reduction zone is controlled
247  relatively with the pressure ratio across the @atct shake the grate for a given shake time ategvial.
248  All electric and signal devices are monitored aodtwlled by a commercial software, realized in

249  LabView environment.

250 kkkkkkkkkkkkkkkkkkkkkhkkkhkkkhkhkhkhkkkkhkkkhkkkhkkkhkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkkk

251  Fig. 3 Schematic diagram of modified downdraft reactppfaximately 40-50 kg/h) and its typical

252 temperature profile through gasifier during openati

253 kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkx kkkkkkkkkhkkkkkkhkkkhkkkhkkkhkkkhkkkhkk

254  The first zone, or uppermost, this zone receivdetdael from the top that is dried and evaporated
255  moisture in the air circulated through the firsheoln the case of vaporization of moisture uduid

256  droplet through the top cover is removed by slopinggh. The second drying zone gets heat delivery
257  from the third zone principally by thermal condocti The heat builds up into the pellet woody (see
258  zone lll in Fig 3). Around 400 °C, it starts to @ngo pyrolysis condition which the woody fuel isded
259  to decompose into a variety of substances - otleenh being charcoal, non-condensable gases as a
260 producer gas (CO, HCH,, CO,, N2 and HO), and tar vapors (condensable gases). One ohdire

261  advantages of this design, most of the tar is e@elnd the char is gasified in this zone, wherealias
262  injected through surround 6 nozzles along withfésel. Excess oxygen in front of the 6 nozzles

263 facilitates combustion (or called oxidation) of {pafr the char and creating a very high temperadtire
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264  1,000°C. The volatiles consist mainly of carbon made and hydrogen, and may include a variety of
265 other hydrocarbons and some fly ash exits fronbtiteom side of the reduction zone. Heat releasa fro
266 the combustion zone is conducted turnaround théygaszone, so the air stream pass through the hot
267  syngas exiting the reactor to heat up the incorainwhile cooling the syngas. The syngas consists
268  mainly of carbon monoxide and hydrogen exitingriéauction zone first passes through a hot trap,
269  where some of the soot and most of the fly asbliscted, cooled down in tube condenser, and bag

270  filter, respectively.

271 Due to performance testing, both fresh air inlet ayngas effluent streams are regulated usinghlaria
272 speed drive (VSD) on air vacuum blower to allowaarow range of air/fuel ratio (lambdg), values for

273 acceptable syngas quality. Stable gasifier oparatidhe gas quality produced is in the range & @

274  Nmd/h at standard pressure and standard temperatasecdnposition data is collected to analyze using
275  a chromatograph type GC-MS system Agilent Techrne®@890. The sampling of tars is determined by
276  using standardized methodology as followed in ratjoms for the Tar protocol (Lee, Speight et al.

277 2014).

278  To achieve the gasification performance, thereaarember of factors at least five parameters can be
279  defined to assess the fabrication and installatioluding its reliability, stability of operatingpcess,
280 and more importantly the energy conversion efficiefT o solve for substituting, the given informatio

281 in all equations are displayed separatel@upplementary Data Appendix A.

282  a) The equivalence ratio, ER)(of gasified biomass for each run is calculated&ly(1) (Reed, Das et

283  al. 1988).
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284 ER (o) =

Air flowrate | /[ Air flowrate ] Eq. (1)
Actual

Biomassconsumption rate| Biomassconsumptionrate

Stoichiometric

285  where air/biomass fuel ratio for stoichiometry dguais 5.22 mof air/kg of torrefied wood pellets. The
286  ER obtained by using Eq. (1) was found to be inrtimge of 0.25-0.4 (Ashok Jayawant Rao KECHE

287  2013).

288  b) Carbon conversion efficiency (CCH),, (%) can be applied by Eq. (2) (Lv, Xiong et al020

289  Sattar, Leeke et al. 2014; Materazzi, LettierileR@16),

Vs X1,000x [CO%t+ CH % COQ %] (12/22.4
e [ H % CO M (2/224)

Wx (1- X ) x C% Ea. ()

290 flece =

ash

291 where CO%, ChPo, and C@% are the gas concentrations as a volume fractidrvg, .. (Nm*/h) is the

292  total volumetric flowrate of dry gas produced aPSJondition, W is the dry biomass feeding rate)(g/h

293 X, Is the ash content in the feed, and C% is theocacbntent in the ultimate analysis of biomass.

294  c¢) For direct syngas combustion after the gasifiet,syngas sensible heat has to be considerée to t
295  chemical power in the gas efficiency calculatiofise cold gas efficiency (CGE) of gasifier can be

296 determined as follows:

. 3
_ o (M Vo (M)
J

297 e = x100% Eq. (3)
. k
I’noioma,ss ( %r)x LHVblomss(M%(g)
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298  In above relatiormy, . represents the biomass loading (kg/tuffV, stands for the calorific value

iomass

299  of a biomass (MJ/kg), and,, .. (Nm® /h) and LHV s (MJ / Nm®) are the generated syngas

gas

300 volumetric flowrate at STP condition and its cdiorvalue, respectively.

301 d) Dry gas yield (Nrifkg), The applied relation is: (Sattar, Leeke eRall4)

e (1)

LW,y ) % Moo (k%)

302 Y

gas

Eq. (4)

303  wherev,,. is the total volumetric flowrate (Ntth) of gas produced during gasification calculdtedh

304 the nitrogen balance, considering that nitrogeloi@mass is negligibleW. .. is the biomass percent

305 moisture by weight fraction w/w %).

306 €) The dry product gas low heating value, LHV (Mdf)\for the biomass producer gas has been

307 calculated as follows (Klein and Nellis 2011):
308 LHV =[(0.126><cco)+( 0.10794C, )+( 0.35050%)} Eq. (5)

309 where three typical compositions of CQO,, ldnd CH are the gas concentrations of the producer gas.

310 3.3 Modified gas engine/generator set
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311  Schematic of biomass gasification coupled to aeri@ine for electricity generation employed in this
312 work is depicted irBupplementary Data Appendix B. A pickup truck engine specifications, Made in
313  Japan (ISUZU model 4BC2), are also listed able 2. The engine capacity is chosen coincident with
314 the minimal syngas flowrate requirement and shbeldelated with the swept volume of all the pistons
315 inside the cylinders of a reciprocating engine.nifitt increasing the knocking tendency, the in-line
316 four-cylinder engine plays an overall displacemaitime of 3.3 L by installing both turbocharger air
317 intake and intercooler systems. The fuel injectgstem is designed on a direct injection dieseineng
318 that it is modified and coupled with a 50 Hz elecgenerator. The internal combustion system has be
319 equipped originally with a carburetor, which is mrad and replaced with a new intake manifold and

320 lean burn syngas fuelled spark ignition.

321 kkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkkhkkkhkkkhkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkkkkk

322 Table2 Overall performances of a modified genset fuelleth torrefied rubber wood syngas

323 kkkkkkkkkkkkkkkkkkkkkhkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkx kkkkkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkk

324  3.3.1 Description of gas engine configurations

325 In order to avoid increasing the knocking tendefh@puerta, Hernandez et al. 2001), an ignitionesyst
326 is achieved at a compression ratio of 11.5:1 ugiegark plug installed at both directionality andla
327 degree (28BTDC) for injecting a gaseous fuel (Przybyla, Szlekle2016). It is noted that the ignition
328  timing for conventional spark ignition engines fekwith gasoline vary between 10° and 40° degree
329  before top dead center (Heywood 1988). The presdithes air/fuel mixture is boosted by a

330 turbocharger installed in the intake system, winial a maximum boost pressure of 1.5 bar. The

331 maximum power output of a generator linked to thgime is 45 kVA. Once a lower rotation speed

332 engine is a condition required for syngas applicata digital governor is programmed to limit erggin
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333  speed and to control the throttle valve for regntathe syngas flow according to the operating |@audtl

334 hence maintaining the desired engine speed.
335  3.3.2 Description of gas engine/generator conyrstesn

336  Through all the trials, the syngas engine/geneil(gmset) system is rotated at fixed speed of 1pOD
337 in order to comply with the required electric povireguency of 50 Hz. The modified engine is fedhwit
338  a stoichiometric air/fuel mixture ratio (throughriada sensor), with fuel being a substitute syngas

339  supplied from a pressurized cylindrical tank. Whis signal, the process control unit and contsgld

340 adjust from the lean or rich mixture to the proaierto syngas fuel ratio through PID control. A BXof
341 the proposed biomass-to-electricity system is shioviig. 4. The overall process efficiency of biomass
342  air gasification-generator set can be defined bewing below. The solution of efficiency equatioase

343  substituted and arrangedSuapplementary Data Appendix A.

344  The overall process efficiency of biomass air geaiion-generator set can be defined as follows:

Pdectrica] output (kW) + H useful heat output (kVV)

moim(kgjxmvbm MIA (1 h x(l,ooou j
hr kg ) | 3,600sec 1M

345 ,70verall = x100% Eq (6)

346  The efficiency of gas engine can be determinedk®As:

- I?alectrical output (kW) x100% Eq d (7)

. Nm?® MJ 1 h 1,000 kJ
Vsyngas xLHVsyngas 3 X — X e
h Nm 3,600sec 1 MJ

348 The electrical efficiency can be determined afod:

347

,7 engine
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Peiectrical output (kVV)

”electricity =
mniom(kgjx LHV, yress MJ X 1 h % (1, OOOKJJ
hr ka ) | 3,600sec 1 MJ

x100% Eq. (8)

The power station efficiency can be determinecblsws:

Pnet electrical output servestheload (kW) XlOO% Eq (9)

/7power =
I"naiomass (kgj X I‘Hvbionna$ w X 1 L X (1’ OOOij
h kg 3,600sec 1 MJ

which the net electrical output serves the loadreefo the whole electrical power minus the self-

consumption power of the system

The thermal efficiency of system can be calculagdbllows:

— H useful heat output (kW)

r——
rnaiomass(kgjx LHVbiomass w X 1 m X (1, OOOKJJ
h kg 3,600sec 1 MJ

x100% Eq.

(10)

kkkkkkkkkkkkhkkhkkkhkkkhkkkhkkhkkkhkkkhkkkhkkkhkkkhkkkhkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkhkk

Fig. 4 Process and Instrument Diagram (P&ID) layout ef pnoposed biomass-fueled genset system

connecting with the mass and energy balances

kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkhkhkhkkkhkkkhkkkhkkkhkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkkk

In a controlled manner, the Deep Sea Electroni&H)Ds installed to synchronize for the useful deas
of the switchgear application. Otherwise, the m@aeE7420 module can be compatible with two
magnetic speed pickup units (MPUs) and alternansisg through the configuration suite personal

computer (PC) tool program. Within this prograng #ettings and control dynamics can be changed
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365 (target RPM, over speed threshold, PID controlspdy automatic start/shutdown states, LED/LCD
366  alarm indication and power monitoring (kwh and kVA)heuristic method of tuning a PID controller

367 in both engine and generator can watch directSuipplementary Data Appendix E.

368 3.4 Solar PV system configurations

369 3.4.1. Solar panel module

370  The solar radiation information has a great eftecthe continuous increase of the performancelaf so
371 PV system. This value can be related taking intesmteration the tilting angle of solar arrays. Moyt
372  averaged incident solar power in this area is duga especially during in winter and summer from
373  November 2016 to May, 2017, where it not exceeBikWh/nf/day on horizontal plane. Optimum tilt
374 angle is set to be 15° (x2.5°). The sunlight caditextly converted into electric production by PV

375 panels and arrays. The current output of a solalutearelies a function of voltage and depends dar so
376  radiation and temperature. The panel’s power outpntbe found by multiplying the current (A) ané th
377  voltage (V). The panels are all re-deployed to poaveotal of 315 W x 39 modules, 97% efficient sola
378  converters (each converter has its own 99.5% efftanaximum power point tracking, MPPT). As

379  specified in Table C2 ddupplementary Data Appendix C, the method is involved with arranging on
380  both F'string of 6 panels and'®string of 7 panels in series. The power suppligthk solar PV panel

381 is calculated by Eg. (11) and it can be given bglbaud and Ismail 2012),

- G _
382 I:)PV—DC out — I:)N—PV x(%;ref jx[l-'_ KT (Tc Tc, ref ):| Eq (11)
383  where B, _pc. IS Output power (DC) from the PV arrays (kW)
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R._py is rated power (DC) at reference conditions (kW)

G is solar radiation (KW/R)

G, is solar radiation at reference conditidi®, = 1 kwW/nf) (Sukamongkol,
Chungpaibulpatana et al. 2002)

K; is temperature coefficient of the maximum pox(/%) , WhereK, ==3.7x10° for typical

Silicon material coating on solar panels

T, is array (cell) temperature (°C), which can beedsined by
T.=T,, J{(%Od x(NOCT —20)} whereT,, is the ambient temperature (°C) and M@CT refers

to a nominal operating cell temperature (°C) thajiven in all PV specification sheets from the
manufacturer, respectively.

T. .« Is array (cell) temperature at reference conditifip,, = 25")

C

3.4.2 Solar PV arrays and inverters

An electric circuit diagram of a hybrid power systes depicted irfig. 5. Initially, solar PV captures the
solar energy using PV arrays. When sunlight higspginel DC current is generated. This DC current is
then fed into inverters to convert it to AC currémtthe primary load. Three solar PV inverters are
usually sized a little larger rating to the solanels to an allowable size of 1.05 times the saflay

power rating and then it installed to act as istegfbetween each of solar PV arrays and the bidinad
inverters (BDIs). The excess PV electricity geretas sufficient to partially charge the battemotigh

the BDIs, it can be charged only during the daytifitee battery can reach 70% SOC before the twilight

period starts. The amount of this stored energlybeilprepared to use later for supplying the nextle
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nighttime. A standby syngas genset is only neefdién ibatteries need recharging in times of
unfavourable weather or if loads exceed invertapacity. Whilst the genset fueled by syngas isingin

it powers the loads and the BDIs operates as anbaivizattery charger to replenish the batteries.

kkkkkkkkkkkkkkkkkkhkkkhkkhkkhkkkhkkkkkkhkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkkkkkx

Fig. 5 Proposed electrical diagram of a hybrid syngaardeV /battery power system for off-grid

applications

kkkkkkkkkkkkkkhkkhkkkhkkkhkkhkkhkkkhkkkhkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkx

3.5 Bidirectional inverter

A BDI has two ports: AC and DC ports. Its functisressential to the hybrid off-grid system wheréhbo

a battery storage system and a backup syngas geasavolved in the proposed system. BDI can
transfer power simultaneously in both directionsMeen the DC and AC segments. Namely, the BDI
can supply DC side and charge the Lithium battehesefore it can provide a path from the AC bus to
the DC bus, in this case it acts as a full wavéfrexccircuit which changes AC syngas genset \g#téo

DC voltage. In the other side, BDI can provide dabim DC bus to the AC load therefore it acts as a
functional inverter which changes from DC voltageAC voltage needed by the designed load. The BDI
has to be capable of controlling the maximum exgukpower of AC loads. Thus, it can be chosen 20%

higher than the rated power of the summation ofiéd@s.

For the three phase connection (Bag 5), each phase is connected directly to the corretipg BDIs,
where phase 1 is connected to the master unitepghasconnected to slave 1 and phase 3 is corthecte
to slave 2. The genset connections can be paxhlielthree BDIs in order to deliver electrical powe

from the prime generator. The master BDI can syrobe with the standby genset to be compatible
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with a built-in relay port through the function @itchgear. To use this common function, the backup
genset can support the automatic startup functibims.standard signal wires of each connection point
on a Deep Sea DSE7420 device from the standby gareseshown irBupplementary Data Appendix

D. The available back solar PV power output aftet BEC side) is dependent on the BDI efficiency

(Ajan, Ahmed et al. 2003).

Pot 8i-inv) = P @icin) XMaiciny Eqg. (12)

where P

out (Bi-inv

, is the available solar PV power AC output (kW)

n, is the BDI efficiency, which is considered as 95%.

3.6 Lithium batteries charging/discharging station

As previously mentioned, solar PV system may nalile to meet the load demands at all times and is
supposed to be running in a hybrid manner, cycdhegbatteries system (charging and discharge modes)
Lithium batteries are designed to capture surpletcity generated by solar PV system during

daytime peak demand and allow itself to be stooda lectricity for use later. For low or no solar
radiation, potentially batteries are planned systaally to use as a back-up power system andahey
charged both independently and coincidentally wjthgas genset when the battery SOC status is less

than 40%. Its performance likewise keeps up comsistoltage over the electrical load. The total

capacity requirec(CkW) for the assembly of batteries in a solar PV systambe computed by adopted

from (Ajan, Ahmed et al. 2003; Singh and Bared&6)0

CkW = |:( EDgqy % HDday) + ( EDnight X HDnight )} >(,7inv x”ban xDOD Eq (13)

day
Full manuscript (S. Kohsri et al., 2017) (Cleansien) R1 Page 23 of 23

Page 23 of 64



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

Manuscript submission for consideration for possitliblication in Chemical Engineering Researchesign
(Sl: Energy System Engineering)

where ED,, is total energy demand available for storage fdayat daytime (kW)
ED,4 IS total energy demand available for storage fdayat nighttime (kW)
HD,,, is hourly autonomy at daytime or the period ofage required (in hours)
HD,;4 is hourly autonomy at nighttime or the period wirage required (in hours)

n, is BDI efficiency (%),which is thought to be 95%
N 1S Lithium battery efficiency (%),which is thougiat be 95%

DOD is the maximum allowable depth of charging andlthsging cycles (%), which is thought

to be 60%-80%, depending on the manufacturer

However, the capacity of battery should be sizéativeely with minimal hour allowable of a genset

charging during the SOC reduction, especially \g@tand current relationship.

4. Results and discussion

4.1 Mass balance of biomass gasification

The detailed mass input, mass output and the ni@ssre on the gasifier process are tabulateldainle
3, leads to examine the reliability of the resudisarted. Total mass input includes wood, freshvar
small moisture input and total mass outputs coremrfschar, ash and syngas outputs. The char and ash
are found in all units for the experiment, depegdn their sizes. First place, some small partiofes
char and ash are vibrated by grate motor andifdatisthe bottom tray. Second, a wet dust is cadiect

through condenser and finally some fine solid pke$ are filtered from bag filter in tank. All dfém
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are weighted and hence taken into consideratioddta analysis. The mass balance closure is faund t
be 95.07% for this experimental run (se&ig. 4). For small-scale comparison, other studies report
material balances anywhere from 93% (Coronado, i6&alet al. 2011; Kotowicz, Sobolewski et al.

2013) to 98% (Pérez, Machin et al. 2015).

kkkkkkkkkkkkkkkhkkkhkkkhkkhkkhkkkhkkkhkkkhkkkhkkkhkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkx

Table 3 The balance of mass streams on the combined thandgower system (a) biomass air

gasification and (b) engine/generator

kkkkkkkkkkkkkkkhkkkhkkkhkkkkkkhkkhkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkkkx

Table 3 reports the main air-downdraft gasifier performramadicating five significant parameters. The
operation of the dry gas yield is evaluated to 182 Ainf/kg at the ER value of 0.34. The gasifier
achieved operation efficiency with ER ranges oful32-0.38, which is in a good agreement with the
optimum value for downdraft gasifier found by othesearchers (Zainal, Rifau et al. 2002). The cold
gas efficiency (CGE) is calculated to be 59.85% twedcarbon conversion efficiency (CCE) is found to
be 90.88% with specific biomass fuel consumptiod@® kg/h. The values appear to be quite congisten
with literature (Pérez, Machin et al. 2015; PatuPzando et al. 2016) at the same reactor sizeGE C
value between 60% and 65% indicates a moderateragre level, while range of CCE value (90% —

95%) indicate substantial agreement level respelgtiv

As shown inT able 4, the results of the analysis of the gas sampldatewimning 3 hours of operating
timeframe has comparable to experimental resuta {Jayah, Aye et al. 2003) that produced gas
compositions leaves from a proposed gasifier ateigaificantly different. Especially, a typicalrsyas
composition from biomass gasification in a downdre&ctor with air used as an oxidizing agent is

similar in the range of 15-20% of;HL5-20% of CO, 0.5-2% of C4110-15% of CQ@ and the other gas
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486 is balanced by replacingNO, and GHy as previously reported by (Martinez, Mahkamov.e2@12).

487  For the present work, heating value of the syngabaracterized about calculating the LHV of 4.027
488  MJ/Nm® which is considered appropriate for combustions(B2006). Its application as a suitable fuel in
489 a modified IC engine has been confirmed also inraber of research set-ups in Denmark (Viking)

490 (Ahrenfeldt, Thomsen et al. 2013), Finland (Volt@aaresto, Ylikoski et al. 2013) and America (All

491  power labs) (Przybyla, Szlek et al. 2016).

492 *kkkkkkkkkkkkhkkkhkhkhkhhhhhhrhhhhhhkhhhhkhriihkihhixk *kkkkkkkkkkkkhkkhkkhkhkhkhkkhkhhkhihik
493  Table4 Main gasifier performance parameters

494 kkkkkkkkkkkkhkkkhkkkhkkkhkkkhkkhkkkhkkkkkkhkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkkhkkkkkkkkkkkx

495 4.2 Syngas and IC engine performance

496  The gasification efficiency is determined By. (3) resulted in 59.85% for nitrogen-enrichment.

497  Efficiency rate of a proposed air-blown gasifieretatively good in value when compared with other
498  values reported in the literature (Ahrenfeldt, Egsg et al. 2013; Ahrenfeldt, Thomsen et al. 2013;
499  Gadsbgll, Thomsen et al. 2017; Thomsen, Sarossly 2017). This reason could be interpreted by the
500 proposed modification, that the increased tempezaifithe air influent stream in the recuperative

501 preheater has directly affect key process varidiegproductivity and the calorific value of the

502  producer gas. Moreover the successive reactiohgdinaprise the decomposition, the Bounduard and
503 the water shift reaction rates are taking placahamwith the desired extent. It is worth notingttihe

504 LHV of producer gas reached 4.027 MJ/Aimstill enough to ensure stable working condgiofithe

505 IC engine.
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506  After finishing the load testing, the amount of iammation has not been found prospectively in IC

507 engine. This is also observed in (Elsner, Wysothkil.e2017) study that increase in flow leads tghbr

508 temperature thereby avoid low level of tar formatiBrincipally, when the gasifier temperatures neac
509 the target minimum temperature of 900 °C, (> 1@@eally), tar content in the syngas may be low
510 enough caused by thermal cracking before feeditngl@ engine. Consequences of syngas operating in
511 an IC engine, the revolution is kept constant &1 m and the compression ratio is to be 11.5:afo
512  full load. The actual operation of the IC enginemung on producer gas obtains a maximum electric
513  power output of 33.7 kW. On average, biomass copsiomis recorded at 40.9 kg/h. Summarizing, the
514 observed performance (equivalencies) metrics afellasvs: 1 kg of wood pellets 7.92% moisture

515  content produces 2.82 Nrof syngas and generates 0.82 kW electrical outphith this value is

516  relatively fallen in the range of 0.75-1.86 kW/lgported in the literature for modified diesel emgin

517  working with producer gas (Warren, Poulter et 889; McKendry 2002; Products 2012; Rdder,

518  Whittaker et al. 2015).

519 4.3 Energetic analysis and electric power perfocaan

520 In this section, the efficiencies related to eledir and heat production, internal losses, as aglthe

521  overall system efficiency for the biomass-to-eliedy process are determined through the Equati6ps
522 - (10). The energy efficiencies of different compnots are tabulated hable 5. To make a better

523 understanding of the energy flows of the proposdutiti system, the proportion of the flow quality

524  between the use of energy and losses in the gmbooess is balanced through Sankey diagram. Aiso, t
525 relevancy and relative importance of the efficiepayameters involved in the entire system are

526  estimated. A Sankey diagram of the energy flowh@integrated biomass gasification and

527 engine/generator system is presenteldign 6 and energy balance data is tabulateS8upplementary
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528 Data Appendix C. Based on its lower heating value, the biomassggrfaws are initially evaluated to
529  be 198.8 kW. The chemical energy in biomass isteared through the gasifier processor (i.e., air
530 preheater, reactor, cooling and purification) dmIC engine to produce electricity and heat, wame
531 losses. A small amount of energy is deliveredlatalevel with the assistance of warmed process air
532 The detailed percentage values with respect tonihné energy of the biomass feedstock have been
533  reported inTable 6 for the proportion of losses, and thermal outpund electrical production. On the
534  exit side of the whole process, the largest enprggortion is contained in the thermal generatmbe
535  43% (85.7 kW). It is apparent that heat loss dugasification is the second largest proportion, sl
536 loss reaches approximately 40% (79.4 kW). For topgrtion of electricity production, only 17% (33.7
537 kW) of the biomass feedstock is converted to rettatity, and 9.3 kW (4.7%) of the entire eledtyic
538 production are shared for the self-consumptiorterauxiliary equipment such as controller devices,
539 compressors, motors in pumps and blowers etc. @&trgkglance, 24.4 kW (12.3%) of the electricity lef
540 is sent to the load. The overall energy efficieatthe proposed system is approximately 44.21% as

541 calculated in Eq. (6).

542 *kkkkkkkkkkkkhkhkkhhhhkhhhkhhhhhkhhhkhkhkhhhhhrhihikixk *kkkkkkkhkkhkkkhkkhkkhhkhkhkhkhkhhkhxk
543  Table5 Electricity, thermal and overall efficiencies tbe proposed system

544 kkkkkkkkkhkkkkkhkkhkkkkkkhkkhkkkhkhkkhkkkkkhkkkhkkkkkhkkhkkkkkkk *kkkkkkkkhkkkkkhkkhkkkhkkkkkkhkkkkkhkkkk
545 *kkkkkkkhkkkkhkhkhhkhkhkhhhhhhhhhhhhkhkhhhhkhriihkihhixk *kkkkkkkhkkkkhkkhkkhkhkhkhkhkhhihxk

546  Fig. 6 A Sankey diagram of energy flows for the integgabiomass gasification and syngas genset

547  systems

548 kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkk

549 kkkkkkkkkkkkkkkkkkhkkkhkkkhkkhkkkhkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkkkkx

550 Table 6 Energy balance for the proportion of losses aedntial outputs and electrical production

551 kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkx
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552 4.4 A case study of Thailand

553  The selected proposed rural area of an educatiostiute, this location of the study area on thegpm
554  located off 12° 49' 40.6" N latitude and 101° 18'10E longitude. IrFig. 7, the best top view photo
555 taken with a drone, a stand-alone solar power sysfel45 kWp was installed and being started up
556  since 2015. Only 12.3 kilowatt (kWp) of all eneligyshared portion to join for the proposed hybrid
557  system. In this strategy solar energy is to sdrealtily load which has required to use electrical
558  appliances like computers, televisions, tube andndescent lights, ceiling fans, groundwater filbra
559  system and other machineries. The average datlydtaats from 10:00 a.m. to 16:00 p.m. is

560 approximately 10 kWh which can be equivalent antglesource of illumination in 60 households.
561  Surplus electrical energy goes toward chargingb#ttery bank. The data obtained from the

562 meteorological station displays a mean annual $wkiation of 5.56 kWhr/fper day for summer

563  period.

564 kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkhkkkkk

565  Fig. 7 The top view photo taken with a drone on the maptied 12° 49' 40.6" N latitude and 101° 13'
566  06.1"E longitude (KMUTNB Rayong Campus) - a) 12V8kof solar power separated to study for the
567 proposed hybrid system, b) Circuit breakers, c)iiRérters and d) Batteries storage

568 kkkkkkkkkkkkkkkhkkkhkkkhkkhkkkhkkkhkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkkx

569  The specification of different configurations oétproposed hybrid system such as solar PV array and
570 PV inverters, genset, BDIs and batteries have pessented on the conceptual design system used for
571  the selection criteria of all components as shaw®upplementary Data Appendix C. The sizing of

572  power system is relatively designed for 12.285 K\Watar panels, 12.6 kW of three converters, 387 k

573  of a syngas genset, 13.8 kW of three BDIs and K@/B of battery capacity, respectively. The opeigatin
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574  schedule is tested to cover a period of two dagsoAding to a comparative analysis of solar PVérgtt
575  system, the graphical profiles without marking ecd depicted iRig. 8 have occurred predictably on
576  the real-time pattern. Solar PV current initialypresents an orange line can generate so muchelect
577  power during a first sunny day between 09:00-16@0s that it is significantly higher than AC

578 electricity demand (pink line). The excess solard@veration unused immediately is conserved irgo th
579  energy storage. During the same period, the SQRedbattery bank (green line) witnesses a slowly
580 increase near its maximum allowable value from 48%8% in the usual time (approximately in 7-8
581  hours). A purple line confirms the battery currievel with positive value (absorbing power) for

582  charging status. Consequently, only storage 68fs oémaining capacity aspects to be served the
583 electrical use during the nexd highttime for illumination requirements. The preatile circuit current
584  of a battery during discharge (releasing power)ldesesn a downward trend to be negative between

585  19:00-07:00 hours. The trend lines 6f day remain the same situation.

586  One of the main concerns when implementing a $édbattery system without a standby genset is the
587  uncertainty of sunshine in the nexf Baytime. When there are a lot of clouds in theaksainy, solar

588 panel efficiency drops as well as SOC may redueg+down with increasing the daily load demand. In
589  order to deficit power spending, outage and blatkeants may last from a few hours to a few days
590 depending on the irradiation of the sunshipars, however the reliability of this system iffidult to

591 recover from quickly. Perhaps to solve for the abproblem by offering a suggestion, the addition of
592  battery storage may extend its power outage cordfarthe existing one, however the main cause of
593 unstable system on consideration still dependsiostsne duration. Thus, the addition of a batteay m

594  not prevent exactly a power failure problem and enaény costly investments.
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595 kkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkhkkkhkkkhkkkkkkkk

596  Fig. 8 Power profiles of a hybrid solar PV/battery sysigithout a standby syngas genset

597 kkkkkkkkkkkkkkkhkkkhkkkhkkkkkhkkhkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkk

598 In the case of the integrated syngas system, gaseelled in a modified IC engine coupling generato
599 is synchronized to be running in a hybrid mannecdiise of the fluctuating available of solar

600 irradiation, a wondering issue about insufficieatver supply on cloudy days or at nighttime of

601  solar/battery system is solved to secure and teligfperation at all times. The syngas-to-powerhzn
602  synchronized seamlessly to hybrid solar PV/batsgsyem for backup electric generation. The deficien
603  power generated by solar PV arrays can then be leomepted at sudden time when the battery level
604  drops while discharging. One day before switchimgyingas genset, the cleaned syngas effluent was
605 prepared in a gas storage tank (as shovBupplementary Data Appendix B) which was typically

606 located separately to the main gasifier unit. Tae gforage tank acts as a buffer in order to balanc
607 fluctuations in the production of gas in the gasifion process. Afterward the syngas was let w flo
608 into the receiver of gas holder, which from hereweady to be compressed into the syngas container
609 until reach approximately 10 bar gauge. The stocagacity of the syngas network is more than 140
610 kWh (24.4 kW x 6 h) which is large enough to sugplyone week at a standby status. When syngas
611  production levels are highly variable, dual fuekimg can be used to supplement the syngas with

612  liquefied petroleum gas (LPG).

613  When SOC dropped below 40%, the syngas gensetwt@satically started to be warming up at about
614 5 min of continuous idle operation (900 rpm). Threfael mixture under lean-burn conditions was
615 adjusted by a control box until the genset runlgtakrcording toFig. B4 in Supplementary Data

616  Appendix B, the solenoid operated butterfly valve (CV-0O1)thdl open by programming mechanism
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was installed to arrange the flow of the syngag€etiwer with syngas, the fresh air was flowed thihoug
CV-02 into the mixer, and directed in to the elesic hydraulic actuator of the combustion chamlier.
should be noted here that during starting the detie=flow rate of the syngas was let maximum and
reduce the rate until the genset start runningerAfiat, the genset was accelerated at the syrminson
speed of 1500 rpm (frequency 50 Hz and voltagea@8§-415 V). Once the SOC was reached its target

point, the genset automatically shuts.

At the beginning of the first night time between@B- 06:00 hours (see kig. 9), the genset could be
proven to operate seamlessly with smoothing inaaigehscheduling. The time setting of the standby
operation based triggering of the central contraflestarted automatically when the SOC level vgdp
than 40% and its application is capable of fixiegyplement in all seasons, with twenty-four hours of
electricity supply, the different aspects of sumjgquantity, quality and duration are not necesgar
worry. In addition the percent of SOC level conimegtvith genset is greater than solar PV and the
charge time appears approximately shorter tharotiat This behavior may cause using higher voltage
to transmit power and lower of amps rating betwiberbatteries and the genset. Summary, the
implementing results are capable to deliver an entlg suitable system and an appropriate strategy f
the biopower development of this renewable set#ad to give a novel idea of the performance on

hybrid system available and identifying a possueésy for improvement in the future.

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkhkkkhkkkkkkkkx

Fig. 9 Power profiles of a hybrid solar PV/battery syssitn a standby syngas genset

kkkkkkkkkkkkkkkkkkkkkhkkhkkhkkhkkkhkkkhkkkkkkhkkkkkkkkk kkkkkkkkkkkkkkkkkkkkkhkkkkkkkkkkkx

Another major benefit is the replacement of averdigeel use of 275 liters per month in supplying

electricity at the same load and the corresponidgction of CQ@ emissions gained (see calculation in
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639  Supplementary Data Appendix F). One liter of diesel fuel can produce about X§of carbon dioxide
640 (Hazrat, Rasul et al. 2015). On a rough calculatianthe same total displacement volume and time sa
641  total power produced within the cylinders, 8.748t@missions is prevented for a year thanks the ise o
642 renewable biomass source. However the assessmecodmic feasibility of the entire syngas/solar

643  PV/battery hybrid system based on financial indicesuch as cost of energy (COE), net present value
644  (NPV), internal rate of return (IRR) and time ofuie on investment (TRI) (payback period) as wsll a
645 comprehensive sensitivity and uncertainty analyisbe further studied to further improve the

646 technology readiness of the proposed hybrid renkewatwer system.

647 5. Conclusions

648  This study performs a pilot scale evaluation ofgb&ential of a hybrid solar PV/biomass system with
649  battery energy storage to serve with the electtiad demand at night or on cloudy days. In theppse
650 hybrid power system two sources of renewable ensrggmbined: solar PV and biomass-derived

651  syngas gasification via modified engine/generagbissynchronized to guarantee a continuous 2#dshou
652  supply for small off-grid systems. From the expenmal results, the low heating value of the syngas
653  resulted in 4.027 MJ/NiThe engine's electrical output efficiency usintP@% of syngasesulted in

654 17% at maximum load. Considering a mechanical-¢ctat power conversion efficiency of 95%, the
655  maximum efficiency of the modified gas engine wooks to be 28.2%. The thermal efficiency of the
656  proposed biopower system was 16.9%, reaching aralbedficiency of 34.3%. The gasifier efficiency
657 was 61.2%. Finally, the specific fuel consumptitmrefied rubber wood at 7.92% moisture content) fo
658 power generation using the ICE fueled with syngasaked 1.21 kg/kWh and the specific fuel

659 consumption (syngas) was 3.14 flkiwh.
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660  The sizing of the proposed hybrid system is basethe following design basis 12.285 kW of solar

661 panels, 12 kW of three converters, 33.7 kW of ggagrgenset, 13.8 kW of three BDIs and 60.9 kWh of
662  battery capacity, respectively. For each curvéheafirst day of commissioning, the solar harvest &

663  sufficient possibility in responding to daily lofidctuations and being shared with power surplus on
664  average charging for over 6-7 hours per day, whigesyngas genset is capable of complementing the
665 discontinuous nature of solar energy for standlwgr@and back-up source under shorter charge time.
666  The pilot scale testing results showed promisingmaal, which will be further studied for optimizan

667 and effective scale up for robust and economigidf applications.
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e A hybrid syngas/solar PV/battery system is proposed at a prototype scale study.
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Fig. 2 Torrefied rubber wood pellet used for gasificatiBellets are 10 mm diameter

cylinders of average 50-150 mm length.
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Fig. 3 Schematic diagram of modified downdraft reactpp(aximately 40-50 kg/h) and its

typical temperature profile through gasifier duropgeration
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Fig. 4 Process and Instrument Diagram (P&ID) layout ofihgposed biomass-fueled genset system conneciihghe mass and energy

balances
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Fig. 6 A Sankey diagram of energy flows for the integgabiomass gasification and engine/generator sgstem
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Fig. 7 The top view photo taken with a drone on the maptied 12° 49' 40.6" N latitude and 101° 13' 06.BHgitude (KMUTNB Rayong
Campus) - a) 12.3 kWp of solar power separatetlidydor the proposed hybrid system, b) Circuitdiess, c) PV inverters and d) Batteries
storage
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Design and preliminary operation of a hybrid syigalgr PV /battery power system for off-grid
applications: A case study in Thailand

Table 1 Chemical characterization of local torrefied rublveod tested in gasifier.

Characterization Proposed this study
Moisture content (wt. %) (ASTM D 3302) 7.82
Proximate analysis (wt.% dry) Torrefied rubber wood

* Ash (ASTM D 73174) 1.9

» Volatile matter (ASTM D 3175) 81.8

» Fixed carbon (ASTM D 3172) 16.3

Ultimate analysis (wt. % dry)

e 49.1
. H 6.0
e N -
« S (ASTM D 5865) -
« O 43.0
e (CI -
* Ash (ASTM D 73174) 1.9
* HHV4,(MJ/kg) (ASTM D 5865) 19.0
* LHV4p (MJI/kg) (ASTM D 5865) 17.5
Bulk density (kg/nm°) 576
Tables (S. Kohsri et al., 2017) (Clean version) R1 Page 1 of 1
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Table 2 Overall performances of a modified genset fuelidti torrefied rubber wood syngas

Engine main data before modification

Description

- Engine model

Isuzu Diesel 4BC2 (Made in Japan)

- Year production

1982-1987

- Type car

Isuzu ELF and NPR trucks

- Horse power

65 kw (105 hp) at 3500 rpm

- Torque 200 N-m at 2200 rpm
- Bore diameter 102 mm

- Stroke 80 mm

- Displacement (D) 3.3 Liter

- Number of Cylinder 4 cylinders

- Injection system

Direct injection

Setting configuration parameters for syngas en

Description

- Modified in the diesel engine

Ignition system

- Air metering VGT, intercooler
- Revolution per minute (RPM) 1500

- Compression ratio (CR) 11.5:1

- Syngas fuelled (%) 100

- Spark timing (° BTDC) 28

- Power de-ratinty(%) 20

- Combustion A/F ratio 1.32

Setting configuration parameters for generator | Description

- Alternator STAMFORD

- Maximum continuous capacity 45 kVA

- Phase 3 Phase - P.F 0.8
- Speed 1500 rpm - 4 Pole
- Frequency 50 Hz

- Construction

Single bearing

a Calculated as a fraction of a nominal engiower.

b Assuming the alternator and transmissioicieficy of 80% and 95% respectively.

c Air/Fuel (syngas) mass ratio = 163 kg/h 3 kB/h = 1.32.

Tables (S. Kohsri et al., 2017) (Clean version) R1
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Table 3The balance of mass streams on the combined thendgower system (a) biomass air gasification (@hnd
engine/generator
(a) Descriptive parameters of biomass air gasiticatnit

Equivalent | Ajr flowrate : Mass balance
Run ratio (()° (Nm?/h) Total input (kg/h) Total output (kg/h) closure (%)®
Air flowrate Wood consumption Syngas Wood vinegar| Fine solid
(kg/h) @ 1.76 | rate (kgh) @ 7.82 |  flow 2{2%‘;5 rg}f]‘)"’ g?a;;f?:rh + dust particles
wt% moist. wt% moist. rate (kg/h) 9 at condenser| at filter tank
1 0.34 725 84.5 40.9 123 106.4 0.85 1.12 0.23 99.8

2 A detail of calculation is listed in Supplement&xgta Appendix A (see more in Equation (1))
oA detail of mass balance closure is calculatebt¢125.2/125.4) x 100 = 99.8% (please find therinftion requested in Table 3b)

(b) Mass balance of biomass air gasification unit

Input material streams kg/h Output material streams kg/h
1. Torrefied biomass pellets 40.9 I. Char + ash 850.
2. Fresh air intake 84.5 Il. Wood vinegar + dust 121
lll. Fine solid particles 0.23
IV. Syngas production 123
Total (1) + (2) 125.4 Total (1) +... (IV) 125.2

(c) Mass balance of engine/generator unit

Input material streams kag/h Output material streams kag/h
1. Syngas 123 I. Exhaust gas 286
2. Fresh air intake 163
Total (1) + (2) 286 Total (1) +... (IV) 286

Page 58 of 64
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applications: A case study in Thailand

Table 4 Main gasifier performance paramefers

Description Unit Value
Carbon conversion efficienty (%), %.cp 90.88
Cold gas efficiency (%), 7 cx 59.85
Dry syngas yield (NM*Kg) Y,ee | 2.82
Dry syngas low heating valtie (MJ/NnT) 4.027
Syngas flowrate (Nfh) 106.43
Produced syngas content (volumetric) | » (Pb) 13.5
CO (%) 16.5
CO;, (%) 12.0
CHy (%) 1.4
N2 (%) 55.7
Tar mg/Nn? 48.5
Char and ashes kg/Nm 0.008

Details of calculation are listed in Supplementaata Appendix A (see more in Equation (2) to (5))

Tables (S. Kohsri et al., 2017) (Clean version) R1
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applications: A case study in Thailand

Table 5 Electricity, thermal and overall efficiencies the proposed system

Characteristics of output parameters | Experimental results | Units

- Exhaust gas temperature 447 °C)
- Net Electric power output 33.7 (kW)
- Useful heat output 32.9 (kW)

Characteristics of output efficiencies | Experimental results | Units

- Overall process efficiency fpran ) 44.21 %
- Gas engine efficiencyifygins) 28.32 %
- Electrical efficiency#,,.qerieiry) © 16.95 %
- Power station efficiencyyf,,., ) ° 12.27 %
- Thermal efficiency#,nsrma: ) © 27.26 %

a Usable heat and net electric power output ardymed from engine/generator system (see moreuafitin (6) of Supplementary Data Appendix A)
b Syngas is produced from gasification process (see more in Equation (7) of Supplementary Dataehpiix A)

¢ Net electric power output is produced from enfgiraerator system (see more in Equation (8) ppfamentary Data Appendix A)

d Electric power output is supplied to the load (see more in Equation (9) of Supplementary Datpefulix A)

e Net usable heat is produced from engine/genesgstem (see more in Equation (10) of Supplermmgmata Appendix A)
Tables (S. Kohsri et al., 2017) (Clean version) R1 Page 6 of 6
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Table 6 Energy balance for the proportion of losses aedmal outputs and electrical

production
Proportion of Electricity production Value Unit Percentagt
(1) Electrical self-consumption (auxiliary as blawe 93 KWe 4.7%
compressor etc.)
(2) Electrical supply to the load 24.4 kwe 12.39
* Net electricity generation (1) + (2) 33.7 kWe 17%
Proportion of thermal production Value Unit Percentagt
(3) Exhausting gas for useful the biomass dryirgress 32.9 kwWth 16.5%
(4) Dissipated heat as turbocharger, intercooter et 31.5 KWth 15.8%
(5) Air pre-heating unit 21.3 kwWth 10.7%
» Net thermal output (3) + (4) + (5) 85.7 kWth 43%
Loss fractions Value Unit Percentags
(6) Heat losses - wall and ash 5.7 kWth 2.9%
(7) Heat losses - cooling and purification 52.8 kWt  26.6%
(8) Heat losses - engine 20.9 KWth 10.5%
» Total losses in the whole process (6) + (7) + (8) 79.4 kWth 40%
Total (1) + (2) + ... + (7) + (8) 198.8 kWth 100%
Tables (S. Kohsri et al., 2017) (Clean version) R1 Page 7 of 7
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C) Lighting for 60 rural houses
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Due to the discontinuous nature of solar energy, a hybrid power system could be designed by
incorporating biomass gasification and electricity generation to PV array and battery storage
system. It can be used as backup power generation to improve the stability and reliability of
system when occurred in case of shortage of energy e.g. (b) on cloudy day and (c) at the

nighttime.
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