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Abstract

Biogas upgrading by water scrubbing followed by biomethane compression is an
environmentally benign process. It may be achieved using various plant configurations
characterised by various power requirements with associated effects on biomethane
sustainability. Therefore, the current study has been undertaken to systematically investigate
the power requirements of a range of water scrubbing options. Two groups of water scrubbing
are analysed: (1) high pressure water scrubbing (HPWS) and (2) near-atmospheric pressure
water scrubbing (NAPWS). A water scrubbing plant model is constructed, experimentally
validated and simulated for seven upgrading plant configurations. Simulation results show
that the power requirement of biogas upgrading in HPWS plants is mainly associated with

biogas compression while in NAPWS plants a significant power is required for water
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pumping. Biomethane compression to 20 MPa also contributes remarkably. It isobserved that
the lowest specific power requirement can be obtained for a NAPWS plant without water
regeneration (0.24 kWh/Nm® raw biogas) but this plant requires cheap water supply, e.g.
outlet water from a sewage treatment plant or river. The second is HPWS without flash (0.29
kWh/Nm® raw biogas). All other HPWS with flash and NAPWS with water regeneration
plants have specific power requirements between 0.30 and 0.33 kWh/Nm?® raw biogas. Biogas
compression without upgrading requires about 0.29 kWh/Nm’ raw biogas. The
thermodynamic efficiency of biogas upgrading is between 2.2 and 9.8% depending on the
plant configuration while biomethane compression efficiency is higher, about 55%. This result
implies that the upgrading process has a remarkable potential for improvement whereas
compression is very close to its thermodynamic limit. The potential for minimising energy
dissipation in the state-of-the-art HPWS upgrading plant with flash by applying a rotary
hydraulic pumping device is evaluated at about 0.036 kWh/Nm’® raw biogas meaning the

specific power requirement reduction of 10%.

Keywords
Biogas; biomethane; water scrubbing; plant configuration; power requirements;

thermodynamic efficiency; rotary hydraulic pumping device
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1. Introduction

Biogas is a renewable and sustainable fuel derived from digestible biomass that is suitable for
natural gas substitution. However, biogas generated through anaerobic digestion is of low
pressure, low specific gravity and large specific volume. The large share of CO, present in
biogas lowers its calorific value, flame velocity and flammability limits compared to natural
gas. Besides, the transportation of biomethane over longer distances is less costly than the
transportation of CO, diluted biogas. These challenges may adversely affect biogas
sustainability. Therefore, biogas upgrading to biomethane with subsequent use as a natural gas
substitute attracts significant attention.

Biomethane, used directly as automotive fuel or being injected into the natural gas
grid, has been identified as an important renewable fuel in Europe [1]. Current
biomethanation technologies consume less than about 20% of biogas energy for upgrading
and compression purposes. Thus biomethanation enables transforming more than about 80%
of the energy content of raw biogas into the usable form of clean energy. In addition,
biomethanation generates little or no low-grade heat and hence thermal losses are
minimised. The biomethanation can therefore be competitive to raw biogas fed combined heat
and power (CHP) systems. Namely, in CHP only about 35-40% of biogas energy is converted
into useful electricity. The remainder is obtained in-situ in the form of heat and, except for
meeting the needs of digesters heating, most of the in-situ generated heat is often dissipated
and wasted. Hence, the CHP systems enable to supply about 40% of raw biogas energy to
power grids, i.e. less than half of that supplied by the biomethanation systems to gas grids or
for transportation applications. In addition, biomethane can be stored, transported and used
flexibly in order to meet fluctuating energy demands. Biomethane is thus a dispatchable

sustainable biofuel which can complement the performance of renewable energy systems rich
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in naturally fluctuating wind and solar power sources. Major uses of biomethane include
power-only production, CHP production (but in locations where both power and heat may be
sold), vehicle fuel and cooking fuel. These uses require grid injection, fuel tank injection or
bottling, i.e. all require compressed biomethane (typical pressure requirement is 20 MPa). In
relation to gas compression, CO, separation brings benefits associated with reduced gas
amount for compression having greater energy density and similar total energy content
compared to raw biogas.

Power requirement of different biogas upgrading options is an essential parameter for
assessing their technical performance and for achieving the sustainability of biogas. The
power requirement of water scrubbing vary depending on plant configuration and pressure
used. There are also potentials to reduce power requirement by developing an applying
innovative solutions. Therefore, this research has been undertaken to model, analyse and
estimate power requirements of various biogas upgrading options including commercial
systems. To this aim, models of biogas upgrading for seven plant configurations are
implemented, experimentally validated and simulated in order to estimate equipment
dimensions, water and air flow rates and other minor operating parameters. Finally, power
requirements of these seven plant configurations are calculated, compared and discussed. The
paper is thus organised as follows. Section 2 briefly describes the state-of-the-art of biogas
upgrading by water scrubbing. Section 3 explains plant configurations that are analysed in the
current study. Section 4 introduces models of biogas upgrading and compression while
Section 5 summarises simulation procedures. In Section 6 the proposed scrubbing models are
validated against experimental data found in literature. Section 7 presents simulation results of
upgrading plants. Section 8 provides and compares power requirements for the investigated
plant configurations. Section 9 investigates the minimum thermodynamic work and efficiency

of biogas upgrading and biomethane compression. Section 10 analyses potential for energy
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recovery. Finally, Section 11 provides discussions while Section 12 summarises major

concluding remarks.

2. State-of-the-art of biogas upgrading by water scrubbing

In recent years, several processes have been developed for the removal of CO, and other trace
compounds from raw biogas [2-5]. These processes are based on absorption, adsorption,
cryogenic or membrane technology [6]. In gas-liquid absorption water can be used as a cheap
and environmentally benign solvent for removing CO,. Water scrubbing makes use of the
higher solubility of CO, (and H,S) than the solubility of CH4 in water. Due to poor CO,
solubility in water, the CO, water absorption rate has to be enhanced. In order to increase CO,
partial pressure and hence its solubility in the water, the operating pressure of the scrubber is
often set between 0.8 and 1.2 MPa. To release the CO, from the scrubbing water, and thus to
regenerate the water, a second low pressure stripper can be used. In this case, CO, is stripped
from water at ambient temperature using air as a stripping agent which reduces energy
requirements of CO, separation compared to other chemical solvents that strongly bind CO,
and thus require higher stripping temperatures.

Water scrubbing plants are currently operational mainly in Germany and Sweden.
According to IEA [7] in 2013 HPWS technology has been employed in 30% upgrading plants
in Germany (36 out of 120). Until early 2015 only one company (Malmberg Water AB [8])
completed 42 HPWS plants in Germany and over 80 in Europe. Under incentivisation
schemes for biogas [9] existing in some countries, HPWS can be more profitable than
electricity from biogas, see e.g. a case study of Italy [10]. This all suggests that the potential

for water scrubbing is significant in Europe and likely will be significant beyond Europe.
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The state-of-the-art water scrubbing plant configuration is the scrubber-flash-stripper
HPWS process, involving CO, loaded water flash with gas recycle (see Fig. 1 panel B). In
these scrubber-flash-stripper HPWS systems, the raw biogas is compressed to around 0.8 MPa
and introduced to the bottom of the scrubber while water is fed to the top of the column. The
scrubber packing facilitates contact between the gas and liquid. High purity biomethane
leaves the top of the scrubber. Any CHy4 dissolved within the solvent is subsequently separated
in a flash tank operating at a reduced pressure of about 0.2 MPa. Released gases that are rich
in CH4 and CO; are then returned to the second compressor and mixed with biogas from the
first compressor outlet. Biomethane is obtained at the top of the scrubber and sent for drying
and further compression (e.g. to around 20 MPa) for grid injection, fuelling station supply or
bottling. In most commercial systems, scrubbing water is recirculated following removal of
dissolved gases in a stripping column. The stripper is operated at atmospheric pressure and
CO; is released to the atmospheric air while regenerated water is pumped back to the high
pressure scrubber. To ensure smooth work of compressors and packed columns, any
particulate matter and condensed moisture are removed from the raw biogas and air streams
prior to admitting to the plant. In addition, water filters and CO,-loaded air biofilters can be
applied. In spite of these measures, microbial growth on packing materials is a challenge that
may degrade the performance of gas-liquid columns over time [11]

The major deficiency of HPWS is associated with its relatively high power
requirements, due to the use of one or more compressor stages for having the scrubbing
column pressurised. Since compression raises biogas temperature which would degrade CO,
solubility, a gas cooling process is therefore required in order to achieve reduced temperature
and hence more effective scrubbing with higher CO; solubility in water. This all contributes to
higher power requirements. Advantages of HPWS are associated with compact scrubber

design and less circulating water meaning that CAPEX and OPEX may be lowered.



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

Instead of enhancing the solubility of CO, by raising scrubbing pressure with
associated power requirement for biogas compression, CO;, can be scrubbed under near-
atmospheric conditions. Near-atmospheric pressure water scrubbing (NAPWS) does not
require biogas compression and cooling, reducing therefore power requirement associated
with CO; scrubbing. In addition, low pressure columns are cheaper which reduces the
CAPEX of NAPWS upgrading plants. However, NAPWS requires a much higher liquid-to-
gas ratio due to reduced CO; solubility in water under low pressure conditions. The water
regeneration step can be achieved by applying a stripping column or a degassing tank. The
stripping column in NAPWS systems needs to be larger compared to HPWS systems since
more water needs to be circulated and regenerated. The degassing tank stores CO,-loaded
water and enables slow but spontaneous CO, degassing to the atmospheric air. Water
degassing in a tank is usually less energy intensive but the tank is larger than the stripper. In
water degassing, CO, desorption is triggered only by the CO, concentration difference
between the CO, vapour pressure present just over the CO,-loaded water in the tank and CO,
present in the bulk air. The shortcomings of regenerated NAPWS systems are associated with
larger internal water circulation rates with resulting increased power requirement for
pumping. In addition, NAPWS systems have higher friction losses associated with energy
dissipation occurring when biogas and water are contacted (higher pressure drops). More
water in the system means also more water losses by evaporation to raw biogas and stripping
air. In addition, in NAPWS systems having larger columns microbiological packing clogging
may increase pressure drops and require packing regeneration.

Potentially, the energy intensive water regeneration step can be eliminated in both
HPWS and NAPWS systems if cheap water is available. For instance, outlet water from a
sewage treatment plant or from river. But in such cases water requirement may be very high,

especially in NAPWS plants. Another rarely explored opportunity is associated with using



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

CO;-loaded water in aquaculture applications, e.g. farming of algae [12-13], duckweeds [14-
15] or azollas [16]. In these applications valorisation of CO,-loaded water occurs since energy
intensive water regeneration is replaced by feeding aquatic plantations. Beneficially, waste
biomass from these plantations can be used in anaerobic digestion to increase the amount of
produced biogas.

Water scrubbing removes CO, from raw biogas but simultaneously it is effective at
removing H,S thus yielding high purity biomethane with a simple biogas purification plant.
However, H,S may be released to stripping air requiring additional treatment of large amounts
of air containing diluted H,S leading high costs per unit of H,S removed. It is therefore more
a disadvantage than an advantage. Potentially, H,S can be limited in biogas by applying
thermophilic anaerobic digestion since higher temperatures are not favourable for sulphuric
microorganisms.

Table 1 displays an overview of providers of commercial water scrubbing installations.
Basic characteristics of each technology are briefly indicated. However, it needs to be noted
that providers reveal very few technical details and hence the detailed comparison of various
HPWS installations based only on publicly available information is not possible. Therefore,
one of the co-objectives of this study is to evaluate and compare various plant configurations
by means of standardised numerical approaches. Such a comparison will be useful in plant
selection, design and also in further developing the water scrubbing technology, especially by
reducing its power requirement. Table 1 shows that there are a few larger providers as well as
a certain number of smaller providers with limited market penetration. The reason is that
water scrubbing has a niche market and these few plant providers are sufficient to saturate the
market of the European Union. However, there is potential to export these biogas upgrading
plants and services beyond Europe where biogas industry is emerging. Most systems shown in

Table 1 are scrubber-flash-striper HPWS plants (configuration B in Fig. 1).
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Table 1

Providers of commercial scrubber-flash-stripper HPWS plants

Provider Website Basic plant characteristics Operational
facilities (2015)
Malmberg | www.malmberg.se Malmberg Compact System: claimed >80
Water AB upgrading costs 0.01 €/kWh (at 2000
Nm’/h plant capacity), CH, slippage 0.2%,
packing plastic rings, oil free compressors
to avoid oil leakages to scrubbing water,
plant flexibility 50-100% raw biogas input,
facilities mainly in Germany, Sweden and
UK.
Greenlane | www.greenlanebiogas.c | Greenlane Water Scrubbing: CH,4 purity >60
Biogas, om, 98%, facilities mainly in USA, Canada,
Flotech, www.flotech.com, Japan, UK, France, Germany, Finland,
Chesterfiel | www.chesterfieldbioga | Spain.
d BioGas | s.co.uk
(Pressure
Technologi
es Group)
Econet www.econetgroup.se Econet: facilities mainly in Sweden. >15
Okobit www.oekobit- Okobit: methane purity >97% CH, >7
biogas.com content, facilities mainly in Germany.
DMT www.dmt-et.nl TS-PHPWS: purity >97 % CH, content, >4
CH,; losses <2%, high efficiency on
removal H,S in one step (<2 ppm in outlet
gas), low power consumption (0.4-0.5
kWh/Nm® biomethane), facilities in the




204

205

206

207

208

209
210
211

Netherlands, Hungary.

Schmack www.carbotech.info
Carbotech

(Viessman

n Group)

Carbotech: claimed upgrading costs 0.01 n/a
€/kWh, energy intensity of 0.24 kWh/Nm®

(at 1000 Nm®/h raw biogas)

Notes: n/a - not available

Table 2 compares advantages and disadvantages of water scrubbing in commercial

biogas upgrading systems.

Table 2

Advantages and disadvantages of water scrubbing in commercial biogas upgrading systems.

Advantages

Disadvantages

High CO, separation efficiency (biomethane >97%

CH,)

Packing material clogging due to bacterial growth

Installations are easy in operation and maintenance

Low flexibility toward variation of input raw biogas

(50-100%)

Water regeneration by cheap atmospheric air

stripping

High power requirement (biogas compression and

cooling, water pumping)

Tolerant for trace impurities in biogas

Significant CAPEX (compressors, columns) and

OPEX (compressions, pumping)

No need for multiple stages due to favourable
equilibria (in contrast to membranes requiring

multiple stages)

CO,-water corrosion issues that may shorten the plant

lifetime

Minimal CH, slip (in contrast to pressure swing

adsorption having significant CH, slippage)

No chemicals (in contrast to chemical/physical

scrubbing requiring solvents other than water)
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Reduced corrosion (in contrast to chemical

scrubbing sometimes applying corrosive solvents)

Little environmental emissions of chemicals and
their degradation products (in contrast to chemical

scrubbing with high adverse environmental impact)

CO,-loaded water can be utilised in aquatic

plants/algae plantations

3. Investigated biogas upgrading plant configurations

The current study investigates water scrubbing operated under pressurised (HPWS) and near-

atmospheric (NAPWS) conditions in seven upgrading plant configurations as shown in Fig. 1.
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Fig. 1. Schematic of investigated biogas upgrading plant configurations: Panel A - scrubber-stripper HPWS

plant, panel B - scrubber-flash-stripper HPWS plant, panel C - scrubber-flash HPWS plant without water
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regeneration, panel D - scrubber-flash-degassing tank HPWS plant, panel E - scrubber-stripper NAPWS plant,
panel F - scrubber-degassing tank NAPWS plant and panel G - scrubber NAPWS plant without water
regeneration. In addition the study analyses plant H (not shown) involving only biogas compression (without

upgrading).

HPWS plants are displayed in the panels A-D. The plant presented in the panel A
employs water regeneration by air stripping. In the plant B flashing is applied to limit CH4
slip to the stripping air. In the panel C the presented plant requires cheap water since water
regeneration is excluded. The plant in the panel D combines scrubbing, flashing and
degassing in a tank. Near-atmospheric pressure (NAPWS) plants are displayed in the panels
E-G. The plant configured as shown in the panel E involves a scrubber and an air stripper. The
plant configuration in the panel F involves a degassing tank that regenerates water for
recirculation without blowing air. The plant G is the most simple but it requires cheap water,
for instance, outlet water from a waste water treatment plant. All plant configurations are
complemented by biomethane drying and CO;-loaded air biofiltration (e.g. HEPA filter) to
avoid odours and other organic compounds. In addition, raw biogas compression (without
upgrading) is considered as a plant in configuration H.

Columns (scrubber and stripper) applied in this study are all packed with suitable
materials (ceramic Intalox saddles). This ensures that mass transfer is relatively intensive due
to high mass transfer area associated with droplet formation/destruction and film mixing
effects. It allows for reduced size of the columns so that power requirements are also lower.
Other possible solutions such as falling film or spray absorption gas-liquid contactors have
deficiencies. For example falling film contactors are relatively ineffective due to low mass
transfer area and low Re numbers thus insufficient turbulence does not intensify mass transfer
rates. Spray absorption also has drawbacks because droplets are highly stable and stiff with

little internal mixing, especially for viscous solvents which limits mass transfer rates. When a



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

viscous solvent is applied in a spray absorber the mass transfer rate may even decrease with
rising solvent concentration, see Table 6 of [17] where with the rise of MEA solvent
concentration from 30 to 40 wt% the six fold decrease of CO, absorption flux was observed
under experimental conditions. For water this effect will be less pronounced, nevertheless still
potentially degrading the performance. On the other hand, simple spray or falling film

columns are capable of eliminating the problem of microbial growth on the packing.

4. Modelling of biogas upgrading by water scrubbing

4.1. Scrubber and stripper models

The requested column dimensions (diameter and height) and liquid flow rate are
related to the characteristics of the biomethane to upgrade (flow rate, concentration), the
targeted CO, abatement and the effective gas-liquid transfer rate. It is therefore necessary to
take into account the relevant transport phenomena to reach reliable estimations of
dimensions and operating conditions to ensure.

The governing equations of the scrubber/stripper models derive from the classical one-
dimensional modelling approach of packed column working at counter-current. It is
considered that both CO, and CHy4 can be transferred. Their mass transfer rate, 7¢o, and 7cy,
respectively, are computed according to the two-film theory [18] by the following expressions

[19-20]:

Tco, = Mco,A Q Ky, co,(Heo,Peo, ¢ — [CO21L) (D)

Ten, = Moy, A Q Ky, cn, (Hen, Pen,c — [CH4lL) (2)
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271 A is the interfacial area density and  is the cross-section area of the column. Mo, and Mcy,
272 are the molar mass of CO; and CH4, H¢p,and Hcy, are their Henry coefficient and pgo, ¢ and
273 pcn,c refer to the partial pressure in the gas bulk. It is assumed that the gas follows the
274  Raoult’s law and that its total pressure decreases linearly with the vertical position in column
275  according to the pressure drop in the packing. Kj co, and K; cy, are their global mass transfer
276  coefficients. They are derived as classically from the liquid-side and gas-side transfer
277  coefficients. [CO,], and [CH,4], refer to their molar concentration in liquid bulk.

278 Thanks to global and species mass balances on an infinitesimal element of column

279  height, the evolution of CO, and CH4 mass fraction x in both phases with the vertical position

280  z can be derived:

281
d Xco,6  —Tco, (1 - xcoz,a) + TcH, XC0,6 3)
dZ QG
4
d Xcu,c  —Tcn, (1 - xCH4,G) + Tco, XcHyG “)
dz Q¢
5
d Xco,L _ —Tco, (1 - xCOZ,L) + TcH, Xco,,L (5)
dz 9L
6
d Xch,. _ —TcH, (1 = xcu, 1) + Tco, XcHy L ©)
dz Q.
282

283 Q. and Q;are the total gas and liquid mass flow rates, respectively. They are computed locally

284  thanks to the conservations of the inert gas flow rate (1 — XC0,,6 — XcH 4'G)QG and the inert
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liquid flow rate (1 — Xco,,L — XcH 4_L)Q .- It 1s worth to mention that the form of these
equations differ the classical ones because we consider mass fractions, taking into account the
simultaneous CO, and CHy transfers.

Since CO; takes part to reaction in water according to the following equilibria [21-22]:

CO, + H,0 = HCO;~ +H* (7a)
HCO;™ = CO5*” + H* (7b)
H,0 = H* + OH™ (7¢)

[CO;], is not directly related x¢q,,. [CO2], is deduced from x¢q,, by solving these
equilibrium and the electroneutrality equations.
The physico-chemical parameters and the expressions correlating the packing

characteristics are found in the literature. Their sources are presented in Table 3.

Table 3

Literature source for the scrubber/stripper models parameters

Type Correlation sources

Mass transfer parameters :

- characteristics of 25 mm unglazed ceramic Intalox Table 4.5 and 4.8 in [19]
saddle

- column cross section area, pressure drop Table 4.6 in [19]

- interfacial area density, liquid-side and gas-side Table 4.7 in [19], [23]

transfer coefficients

Henry coefficients :
-CO, [22,24-25]

- CH, [26]
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Diffusive coefficients :

- liquid

-CO, [22,24]

- CHy [27-28], for temperature dependence [29]
- gas

-CO, [30-31]

-CH,4 [32]

Equilibrium constants :

- Eq. (7a) [22, 25, 33]
- Eq. (7b) [25, 34-35]
- Eq. (7c) [22, 25, 36]

The readers interested in further model details are referred to [37].
4.2. Degassing tank model

The degassing tank used in configurations D and F is a tank with still water in contact
with the atmosphere. It is assumed that this tank is perfectly mixed, such that the average CO,
concentration inside the tank equals the outlet one. At steady-state, its global CO, desorption
rate is directly derived from the mass balances between its inlet and outlet. The requested
interface area of this tank Stx can be deduced by considering a simple gas-liquid transfer
equation (similar to Eq. (1)) with most of the transfer resistance in the liquid phase, leading

to:

_ ) (xCOZ,L, in — XCOo,,L, TK)
Mo, k1, mx(Heo,Pcoyair — [CO2]1, k)

®)

STK
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where po, air the partial pressure of CO; in the air and [CO, ], 1¢ is the average concentration
of CO; inside the tank. Concerning the tank mass transfer coefficient k; 1, there are very few

correlations in the literature for its estimation. In this work, the value proposed in [38] is used

tky g = 3.4 10" m/s.

4.4. Flash tank model

The commercial HPWS plants include a flash tank (see configurations B, C and D). The role
of the flash is to minimise losses of methane, since methane is recovered by flashing and gas
recycling. This system has been simulated by Cozma et al. [39] but no information regarding
energy intensity is provided. In general, the flash raises energy intensity of the HPWS system
since a portion of gas needs to be recycled back to the scrubber. In addition, for configuration
B and D, a reliable estimation of the characteristics of the liquid leaving the flash tank are
important for the scaling and the operating conditions required for liquid regeneration. The
flash tank is therefore modelled as a lumped control volume with one liquid inlet and two
outlets (gas and liquid) by adopting the following simplifications: (i) ideal phase separation
(no liquid entrainment by gas), (i1) vapour and liquid in the flash tank are in thermodynamic
equilibrium, (iii) pressure drop inside the flash tank is negligible (prg is constant), (iv)
isothermal and adiabatic flash tank, and (v) water content in vapour is negligible due to the
low temperature.

The outlet variables of the flash tank are computed from the inlet ones by solving the

governing equations of the proposed model, which include therefore:

xCOZ,L,inQL,in = xCOZ,L,othL,out + xCOZ,G,othG,out (9)

(10)
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xCH4,L,inQL,in = xCH4,L,0thL,out + xCH4,G,0thG,out

(11)
(1 - xCOg,L,in - xCH4,L,in) QL,in = (1 - xCOZ,L,out - xCH4,L,out) QL,out
(12)
xCOZ,G,out + xCH4,G,out =1
(13)
[CO2]L0ut = Hco, Pco,,6, out
(14)

[CH4]L,out = Hcu,PcH, 6, out

4.5. Compressor model

The power requirement of the reciprocating multi-stage compressors (suitable for

smaller gas flows typical of biogas plants) is obtained assuming isentropic compression [40]

as expressed in eq. below.

K—1 K—1
. Pstd\_k Pout\ K _ RT k (Pout nk
Tlpqu( Pin )rc—l ( Pin ) 1 MG -1 Pin 1

neisnem - neisnem

PC:

(15)

A reciprocating compressor can achieve a high pressure ratio at comparatively low
mass flow rate. It is also relatively cheap. From these reasons reciprocating compressors are
typically used in biogas industry.

Two efficiencies are applied: (i) the isentropic efficiency of gas compression
(accounting for starting from reversible adiabatic process with no entropy generation) and (ii)

the mechanical efficiency (accounting for losses from the seals and valves in the compressor),
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Table below. Two compression stages are assumed. Equation above is suitable for calculating
the power requirement of compressing raw biogas (to 0.8 MPa) and biomethane (to 20 MPa).
The ratio of specific heats of biogas (x) is calculated from the heat capacity at constant
pressure and at constant volume of CHy and CO,, depending on their respective
concentrations in the biogas or biomethane. The ratio of specific heats can be thus expressed

as:

K=Cp/Cy (16)

4.6. Pump model

The power requirements for pumping regenerated, CO;-loaded and cooling waters (Pp.

rw» Pp.ow, Pp.coor) are calculated from the water density (p.), gravitational acceleration (g)

and liquid flow rate (g;) as shown below. In order to obtain shaft power, the mechanical

efficiency of the pump (7p) is taken into account.

Pp=pLgq,Hr /np (17)

4.7. Blower model

The power requirement for blowing air (Pp) is calculated from the air density (p,),

gravitational acceleration (g) and air flow rate (¢q4) as shown below. In order to obtain the

shaft power, the mechanical efficiency of the blower (7p) is assumed to be 60%.

Pg=pagq,Hr/np (18)



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

4.8. Gas cooler model

Since biogas scrubbing is more effective when low temperature is maintained in the
scrubber (due to the temperature effect on the water CO; solubility), the biogas which is
heated during compression needs to be cooled. In the current study biogas cooling is designed
to reduce its temperature to 5 K above ambient temperature.

The temperature of compressed biogas (7,,,) is obtained by means of the following

equation.

K—1

Tour=Tin (22%) * (19)

The flow rate of cooling water (gcoor) required to cool the biogas is calculated from a

simple energy balance.

_q96Pccpc(Tgout=TGin)
qcooL™ o (20)
prepL(TLout=TLin)

S. Simulation procedures

A typical simulation is realised in several steps. The number and the combination of steps
depend on the simulated plant configuration. The simulations are performed using the
computational software Matlab. An independent script function correspond to each unit
(scrubber, flash, ...). These functions are called by a master script, depending on the

considered configuration.
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Except for the model validation (for which the simulation are compared to experiments
on columns with given diameter and height), the simulations of the scrubber and stripper
models are preceded by their size estimation.

For the scrubber, the mass flow rate and the CO, fraction at inlet and the targeted CO,
fraction at the outlet enables the calculation of the global CO; transfer rate (along the whole
column). This serves to estimate the necessary liquid flow rate. Once it is known, the column
diameter is then calculated for the corresponding superficial velocities in the used packing (25
mm unglazed ceramic Intalox saddle), such that the superficial gas velocity corresponds to
60% of the flooding one. After this stage, the minimum height matching the inlet and outlet
criteria, is roughly estimated by solving the model equations, starting from the bottom to the
top of the column, using the odel5s routine. The height such that the CO, mass fraction
matches the targeted one is then the requested column height. Using the identified diameter
and height, the boundary value problem is solved again using the bvp4c routine to accurately
compute the actual outlet variables according to the inlet ones.

The same procedure is used for the stripper but in this case the outlet target is replaced
by the CO; fraction in the injected air, which is closed to 0.04% in mole.

The tank free interface area is computed immediately using Eq. (8), whereas the
equation system Egs. (9)-(11) describing the flash tank is solved using the fsolve routine. Note
that for configuration involving the flash tank (B,C,D), the scrubber function and the flash
function are executed several times to ensure the convergence of the outlet variable.

Concerning the compressor, pump, blower, and gas cooler, the maximum pressure ratio
is 4. It determined the number of compressing stages. The power requirement was directly

calculated using equations provided in Section 4.
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6. Validation of the biogas upgrading plant model

The model is validated by using experimental results obtained by different authors in order to
minimise the risk of using incorrect or misleading data. Simulation results are compared to
experimental data and average deviations are calculated. Fig. 2 panel A compares CO, removal
from biogas for a range of different biogas upgrading plants. The CO, removal from biogas is

defined as follows:

XC02,G,in,SCR~XC02,G,out,SCR
Ncoy = “CoRGMSCR 100% 21
C02,G,in,SCR

Fig. 2 panel B presents the comparison of experimental and simulated molar fraction of CO, in

biomethane (xco, 6 outscr)-

100 -

=
=
1

80 4

704

60 <

Simulated CO; removal from biogas (%)
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Fig. 2. Comparison of experimental and simulated results for various biogas upgrading plants. Panel A - CO,
removal from biogas, panel B - molar fraction of CO, in biomethane. Experimental data were taken from A [41-
42], B [43], C [44], and D [45]. Detailed parameters: A - pginscr = 1 MPa, Dgcg = 0.15 m, Hgeg = 3.0 m,
Qg inscr = 20.0 m*/h, Xco, g ouscr = 0.070; points: Al - Qp iy scr = 1.00 kg/s, Xco, ginscr = 040, Xco, Gouscr =
0.070; A2 - Qyinscr = 1.00 Kg/s, Xco,,Ginscr = 0-35, Xco,,6ouscr = 0.070; A3 - Qi scr = 1.03 kg/s, Xco,,G,in,sCr
= 0.40, Xc0o,,Gouscr = 0.065; Ad - Qp i scr = 1.03 kg/s, Xco,,6inscr = 0-35, Xco,,Gouscr = 0.065; AS - Qi scr
= 1.06 kg/s, Xc0,,G,inscr = 0:40, Xco, Gou,scr = 0.060, A6 - Qy iy scr = 1.06 Kg/s, Xco,,6inscr = 0-35, Xc0,,6,0u,SCR
= 0.060; A7 - Quinscr = 1.08 kg/s, Xco,ginscr = 040, Xco,Gouscr = 0.055; A8 - Qpinscr = 1.08 kgs,
XC0,,GinSCR = 0.35, Xco,Gouscr = 0.055; A9 - Oy ingcr = 111 Kg/s, Xco, ginscr = 0-40, Xco,,6,0u,scr = 0.050;
A10 - Qpinscr = 1.11 kg/s, Xco, Ginscr = 0.35, Xco,,Gouscr = 0.050; A1l - Oy iy scr = 1.14 kg/s, Xco,,GinscrR =
0.40, Xc0,,Gou,scr = 0.045; A12 - Qy i scr = 1.14 kg/s, Xco, 6inscr = 0.35, Xco, G ouscr = 0.045; A13 - O in scr
= 1.17 kg/s, Xco,Ginscr = 0.40, Xco,Gouscr = 0.040; Ald - Qpinscr = 1.17 kg/s, Xco,ginsck = 0.35,
XC0,,Gou,SCR = 00405 A1S - Qp i scr = 1.19 kg/s, Xco,,6,inscr = 0-40, Xc0,,6,0u,5cr = 00355 A16 - Qp i scr = 1.19
kg/s, Xco,,Ginscr = 0.35, Xco,Gouscr = 0.035; A17 - Qpinscr = 1.22 kg/s, Xco,6inscr = 040, Xco,,6ouscr =
0.030; AL8 - Oy inscr = 122 kels, Xco, 6inscr = 035, Xco, Gowscr = 0.030; B - Dge = 0.15 m, Hgeg = 3.5 m,
Qcinscr = 1.0 m’/h, Qi scr = 0.42 kg/s, Xco,ginscr = 0.32; points: Bl - pginscr = 0.8 MPa, Xco, 6 ouscr =
0.050; B2 - pginscr = 1 MPa, Xco, ginscr = 0.32, Xco,,Gouscr = 0.040; C - point: C1 - pginscr = 0.3 MPa,
Dscr = 0.1 m, Hscg = 1.0m, Qg inscr = 0.3 m*/h, Qpinscr = 0.3 kg/s, Xco,6inscr = 040, Xco,6ouscr = 0-108;
D - pginscr = 0.8 MPa, Dgcg = 0.1 m, Hgcg = 1.0 m, Qg inscr = 242.3 m’/h; points: DI - Quinscr = 13.3 kg/s,

XC0y,Gout,sCR = 0.0047, pprs = 0.3 MPa; D2 - Qy i, scr = 12.06 kg/s, Xco,,6ou,scr = 0.0036, pprs = 0.4 MPa.
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For the presented set of data average deviation is 1.7% for CO, removal from biogas and
14.7% for molar fraction of CO, in biomethane. The distribution of points in Figure 2 on both
sides of the line means that the model well predicts average behaviour of the system obtained in
experimental conditions. This suggests that the employed models are capable of predicting CO,
separation.

Other simulation results are similar to those obtained by [46] where specific power
requirement of 0.21 kWh/Nm® was reported for a plant in configuration B upgrading 500
Nm’/h raw biogas which is roughly the same as our predictions. In an upgrading plant in
configuration B processing 500 Nm?/h of raw biogas we obtained water circulation rate of
24.8 kg/s (at 283.15 K) while [46] reported 25.7 kg/s. Consequently, the constructed models are

considered sufficiently validated for energy efficiency analyses of this work.

7. Simulation results of upgrading plants

The constructed and validated models are subsequently simulated to yield equipment
dimensions, water/air flow rates and other operational biogas upgrading plant parameters.

For all cases, the column diameter is estimated such that it leads to liquid and gas flow
rates corresponding to 60 % of the flooding rate. All configuration simulations are realised
considering a 250 Nm>/h biomethane stream to upgrade at 288.15 K, with CO, and CH; molar
fraction of 0.34 and 0.62, respectively. The treated gas has to achieve a CO, depletion such
that the outlet CO, molar fraction is 0.02.

To close the equation system, some supplementary conditions have to be imposed,

depending on the considered configuration:
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- the mass fraction of absorbed CO, in the liquid leaving the scrubber is set in all
configurations to a value corresponding to 75 % of the one at equilibrium with the entering
gaseous phase (i.e. bottom). It depends thus on the values of the total pressure and the CO2
mass fraction at the inlet of the scrubber and on the presence of the flash tank. It ensures an
always positive transfer driving force at the scrubber bottom.
- for the configuration with a liquid regeneration (A, B, D, E and F), the regenerated liquid
entering in the scrubber has a mass fraction corresponding to 20 times the mass fraction at
equilibrium with atmosphere at 288.15 K.
- for the configuration equipped with a stripper (A, B and E), the reached CO; mass fraction at
the gas outlet is imposed as a fraction of the equilibrium value with the liquid entering in the
stripper. It can be higher in low pressure configuration than in high pressure configuration. 0.5
times the equilibrium value is used for configuration E (low pressure) and 0.25 times for
configurations A and B (high pressure).

Using this approach, it is possible to compare the various configurations, with the
same feed and the same target, and some adjustable parameters. Simulations results for all

tested configurations are presented in Tables 4-6.
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8. Power requirements of biogas upgrading in various plants configurations

Power requirements of the upgrading process depend on plant configurations and plant
operating parameters such as scrubbing pressure and temperature. This study investigates 7
plant configurations involving two scrubbing pressures (Fig. 1) and one plant relying on raw
biogas compression (without upgrading). The investigated plants are simulated and optimised
by employing engineering know-how available in open literature and industrial practice. For
example, optimal scrubbing pressure for which minimal power requirement can be obtained is
about 0.8 MPa while flashing pressure is typically set at 0.2 MPa [41]. Temperatures vary
between winters and summers and depend on regional climate. Here we test 288.15 K and
283.15 K. Several operating parameters are retrieved during simulations to meet design
targets such as biomethane purity, methane slip or pressure drop. For these optimised
operating conditions power requirements are calculated and compared.

Upgrading plants need power for compressing raw biogas in order to raise the pressure
in the scrubber (PRc.pg). Water is circulated in most configurations by involving pumps and
power requirements associated with pumping regenerated water (PRp.gw) and CO,-loaded
water (PRp. ) are usually remarkable. Water is also needed to cool the compressed biogas
prior to entering the scrubber for gas-liquid absorption (PRp.coor). Another contribution is
associated with blowing air to strip CO, from CO,-loaded water (PRp.4). Additional power
requirements include the control of valves and the contribution from auxiliary equipment such
as a dryer or a filter and they are treated collectively as baseload power (PRp4sero4p). The

total power requirement of an upgrading plant (PR>") can therefore be expressed as:

PRFM=PR;_pc+PRp_pw+PRp_w+PRp_cooL + PRg_a+PRpasroap (22)
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The obtained biomethane is usually further compressed to high pressure (typically 20

MPa) (PRc-5)) and this contribution adds to the total power requirement (PR;“*™):

PRSBM—pREMPR . o (23)

Various power consumptions are calculated using adequate expressions. The total
pressure head (H7) is needed to calculate pumping and blowing power. It is calculated as the
sum of the pressure difference (Hscr - Hary), and the static (Hs) and dynamic (Hp) heads as

shown below.
Hr=Hs+Hp+(Hscg — Hary) (24)

The static head is taken equal to the height of the scrubber. The dynamic head is

calculated from the Darcy-Weisbach equation:

L

Friction factor f is obtained explicitly from a relationship approximating the

Colebrook-White equation [47].

6.4

f= ' : (26)

2.4
(ln(Re)—ln<1+0.01Re%<1+10\/%)))

The pressure difference Hscr - Hyry is obtained by subtracting the pressure in the

scrubber and the atmospheric pressure.
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Table 7 provides assumptions made in calculations of required power.

Table 7

Assumptions made in calculations of the power requirements.

Variable Value Reference
pump efficiency (775) 60% this study
adiabatic expansion coefficient - heat | 1.306 (CH,), 1.293 (CO,), [48]
capacity ratio (k) 1.301 (biogas 65% CH,), 1.306

(biomethane >98% CHy,)

compressor isentropic efficiency (#¢ss) 75% [40]
compressor mechanical efficiency (17cy) | 80% [40]
rotary  hydraulic pumping device | 70% [49]

efficiency (RHPD) (3zupp)

water pipe velocity (w) 2.5m/s this study

water pipe length (L), including head | 8-16m depending on configuration this study

loss from water pipe bends

pipe roughness () 0.0002 this study
(other examples: PVC 0.0001 m
(averaged over lifetime) (new 0.000005
m)

steel 0.00015 m (averaged over lifetime)

(new 0.00006 m))

Since the solubility of CHy4 in water is about 3% that of CO, a part of methane is
washed out from biogas. Therefore a flash tank needs to be used downstream to the scrubber
in order to minimise CHy slip in the stripper where methane is transferred to stripping air.
When the pressure of CO;-loaded water is decreased in the flash tank, most of CHy is released

to the gas phase and is recompressed and recycled back to the scrubber. The flashing tank in
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this study is assumed to operate at a pressure of about 0.2 MPa. In HPWS systems the
flashing tank and stripper are fed with pressurised water and there is no additional power
requirement for pumping water. However, in the NAPWS systems the scrubber and stripper
operate under near-atmospheric pressure and additional energy is required to pump water to
the top of the stripper or degassing tank.

In addition, some baseload power is required (Pg4sero4p). 500-750 W is assumed to be
needed for the control valves operation while 0-200 W is assumed to be needed in auxiliary
components such as a dryer or a biofilter. These minor components are not included in the
model and their contributions are evaluated through the baseload power.

Each of calculated power requirements is subsequently expressed as specific power

requirements (power requirement per volumetric flow rate of raw biogas):

SPR=-% 27)

4:1¢]

Finally, two aggregate specific power requirements are calculated for all plant
configurations. The first is the specific power requirement of the entire biogas upgrading

plant:

BM
SPREM=IT_ (28)

VBaG

The second is specific power requirement of the biogas upgrading plant followed by

biomethane compression.

CBM
SPRCBM=IT__ (29)

VBeG
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Moreover, in order to enable more in-depth insights into the plant operation specific
power requirements are calculated for each unit operation and/or upgrading plant component.
The results are presented in Figs. 3 and 4. Fig. 3 compares specific power requirements of
various biogas upgrading plants analysed in this study including contributions from all

meaningful unit operations and/or upgrading plant components.

B SPR INCREMENTAL
- SPRB;\SI LOAD
[ SPR,, ,
I SPR
% E S, ,,
w 0,5+ - SPRJ'-( 00L
gn L SPRL -BG
-2
s 044
g
E 034
<
=
=
=
%
&

A B C D E F G H
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Fig. 3. Specific power requirements of various investigated biogas upgrading plants (SPR®) including
contributions from all meaningful unit operations and/or upgrading plant components. Parameters: raw biogas

flow rate 250 Nm®/h, 7= 288.15 K.

From Fig. 3 it is seen that the lowest specific power requirement is obtained by
applying NAPWS plants without water regeneration (0.05 kWh/Nm® raw biogas) but this
plant requires cheap water supply, e.g. outlet water from a sewage treatment plant. All HPWS
plants have specific power requirements between 0.18 and 0.21 kWh/Nm® raw biogas. Other
NAPWS plants have specific power requirements between 0.11 and 0.14 kWh/Nm® raw

biogas. Biogas compression without upgrading requires 0.29 kWh/Nm?® raw biogas.
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Fig. 4 displays specific power requirements of tested plant configurations including
biogas upgrading and biomethane compression along with contributions from all unit

operations and/or plant components.
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Fig. 4. Specific power requirements of various biogas upgrading plants followed by biomethane compression
(SPR“®) including contributions from all meaningful unit operations and/or upgrading plant components..

Parameters: raw biogas flow rate 250 Nm®/h, 7= 288.15 K.

From Fig. 4 it can be observed that the specific power requirement of biomethane
compression to 20 MPa adds about 0.11 kWh/Nm® raw biogas for HPWS plants and 0.19
kWh/Nm® raw biogas for NAPWS plants. Overall HPWS plants are slightly superior if
compressed biomethane is the target, except the situation if cheap water is available (from

waste water treatment plant or river).

8.1. Impact of temperature on power requirements



622  Fig. 5 explains how operating temperature reduction from 288.15 to 283.15 K affects the
623 specific power requirements of investigated plants. It is seen that at temperatures reduced by 5
624 K (1.7%) SPR is decreased by up to about 0.015 kWh/Nm® raw biogas (about 4-5%). For
625 HPWS plants, the most remarkable reduction is due to pumping regenerated water since at
626  lower temperatures less water is required to absorb CO, (increased solubility effect). The
627  magnitude of reduction is about 0.01 kWh/Nm® raw biogas for configurations A-F and half of
628  that for configuration G. For NAPWS plants also less water is circulated and reductions in
629  SPR are observed both for regenerated water and CO, loaded water. Besides, some SPR
630  reduction is also found in compressing biogas and biomethane, about 0.005 kWh/Nm?® raw

631  biogas for all tested configurations.
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635 Fig. 5. Impact of reduced operating temperature on the specific power requirements of various investigated
636 biogas upgrading plants followed by biomethane compression (SPR®™). Parameters: raw biogas flow rate 250

637  Nm’/h, T=283.15 vs. 288.15 K.
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These obtained results have geographical implications. Namely, the reduction in SPR
achieved at lower temperatures means that more favourable conditions for biogas upgrading
exist in moderate and cold climates. The SPR reduction is due to lower scrubbing
temperature, increased CO; solubility in water, less required circulating solvent, and reduced
gas compression work. For hot climates this technology is less suitable due to remarkable
power requirements for cooling which is normally not needed or can be avoided in cold
climates. For example, in [50] it was shown that in Argentina (with yearly averaged
temperatures of more than 290 K) an upgrading plant processing 250 Nm’/h raw biogas may
require 146.34 kW power and 150.25 kW cooling duty. It translates to 0.58 kWh/Nm® raw
biogas and collectively with cooling duty to as high as 1.19 kWh/Nm® raw biogas. Such
upgrading plants will underperform plants in colder climates where the SPR of less than 0.35

kWh/Nm® raw biogas is feasible.

8.2. Impact of plant size on power requirements

Fig. 6 quantifies the effect of increased raw biogas flow rate on specific power requirements.

It is seen that by increasing plant size from 250 to 1000 Nm’/h raw biogas processed only

insignificant reduction of specific power reduction is achieved.
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Fig. 6. Impact of increased raw biogas flow rate on the specific power requirements of various investigated

CBM;
)

biogas upgrading plants followed by biomethane compression (SPR™""). Parameters: raw biogas flow rate 1000

vs. 250 Nm*/h, T=288.15 K.

The results of calculations shown in Fig. 6 do not however consider the impact of
plant size on efficiencies of compressors and pumps which offer some additional potential for
SPR reduction. Nevertheless, this result implies that relatively small scale biogas upgrading
plants may achieve good technical performance. In other words specific power requirements
are not much affected by the plant size. However, due to CAPEX reduction larger plants may
have improved economics and hence overall larger plants may be to some extent more
attractive for large investors. But for smaller investor distributed generation plants may be
more attractive to capital constraints. In addition, smaller plants benefit from more convenient
access to distributed resources such as digestible biomass for AD. Overall, in view of this
result distributed generation plants may be highly productive and economic, especially when

a transition from fossil resources to renewable and bioresources will finally take place.



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

8.3. Overview of literature data

There are very few studies reporting how power requirements are split among various
upgrading and compression operations of water scrubbing. Three such studies found in
literature provide data only for a HPWS plant equivalent to our configuration B (with flash
followed by biomethane compression) or configuration A (only pressurised biogas
upgrading). To the best of our knowledge there are no papers reporting such split data for
other plant configurations, especially those investigated in our article. In addition, all these
three existing publications provide numerical data which in some cases are not validated
against experimental results.

More specifically, in Table 4 of [51] it is shown that the total power requirement of
upgrading is 0.34 kWh/Nm® raw biogas which is higher than our predictions (0.21 at 0.8 MPa
vs their 1 MPa) and most literature studies [2] mainly because they included cooling duty
which in cold climates may be replaced by water/air cooling requiring only pumping/blowing
power. In addition, for our system specific pumping power needs to be slightly higher. Their
results reflect the performance of a plant processing 500 Nm*/h raw biogas. Further, in Tables
3 and 6 of [46] the authors provide the operating results of an upgrading plant (500 Nm®/h
raw biogas, 0.8 MPa scrubbing pressure). They achieved power requirements of 0.21
kWh/Nm?® raw biogas which is close to our predictions. Their power requirement is associated
with benefits from applying an expander to recover energy of compressed biomethane (from
0.8 MPa to atmospheric pressure). This is however not possible in our case due to the fact that
upgrading is followed by biomethane compression to 20 MPa. They consider relatively high
power requirements for blowing air, higher than in [51] and higher than obtained in our study.

Finally, in Fig. 7 of [41] the results for a smaller plant (60 Nm®/h) are presented. It is shown
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that minimal power requirement is achieved at 0.8 MPa - 0.32 kWh/Nm’ raw biogas, which is
roughly the same as our predictions. They obtained higher specific pumping power
requirement than in previous studies, only slightly lower than that calculate by us. In general

we find their result consistent with their smaller scale plant.

9. Minimum thermodynamic work and efficiency

The minimum thermodynamic work and efficiency can be obtained from thermodynamic
considerations and comparison of idealised and actual power requirements. Below we
calculate minimum thermodynamic work and efficiency for biogas upgrading and biomethane

compression.

9.1. Biogas upgrading

The minimum work required for biogas separation under idealised operating conditions is
calculated from the combined first and second law of thermodynamics. It uses the flow rates
and compositions of inlet and outlet streams and operating temperature. Fig. 7 shows a biogas
upgrading plant along with an AD plant and corresponding gas streams. Stream A represents
raw biogas comprising a mixture of CH4 and CO, while stream B is rich in CH4 and stream C

is a mixture of CO; and air. Stream D is stripping air.

CH, rich stream
B

AD plant —’blogus Upg{::ting g, Yu. Pas T
A P CO, + air stream
5, Yas Pas Ta C
ne, Yo, Pes Te
. D
ar g, ¥ps Pos To
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Fig. 7. Schematic of the biogas upgrading plant

The minimum work required for separating biogas mixture with the use of stripping
air for an isothermal and isobaric process is equal to the negative of the difference in Gibbs
free energy of the separated final states (streams B and C in Fig. 7) from the initial states
(streams A and D in Fig. 7). This is the negative of Gibbs free energy of mixing. For an ideal

gas the Gibbs free energy change between streams A and D to streams B and C is:
Winin = AGgep = AGp + AGe — AG, — AG)p (30)
For an ideal mixture, the partial molar Gibbs free energy for each gas is [52-53]:

0G _ o i
oo =GP+ RTIn (;) G1)

Therefore, the total Gibbs free energy of an ideal gas mixture is:

G
Grorar = Xi M a_ni (32)

The minimum work required to shift from states A and D to states B and C is
associated with the free energy difference between the inlet and outlet streams, which can be

calculated by inserting Egs. (31) to (32) resulting in:

Gy = ng?G, + ny *GQy, + RT (ngo2 In(ys%) + nSMin(ys™ )) (33A)
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Gg = ngoz Goo, + ngH4GgH4 + RT (ngo2 ln(ygoz) + ngH‘*ln(ng“)) (33B)
Ge = ng 26, + ng “%2G2_co, + RT (ngo2 In(yS%) + ng—cozln(ycc—coz)) (33C)

G = S22 6o, + 10680, + RT (1S In(55%) + nE = n(y2 =) (33D)

This ideal mixing takes place at constant temperature and pressure. By substituting

Egs. (33A-D) to Eq. (30) the minimum work of separation is obtained:

iy (502 m55%%) + 9§ n(y))
ne (yE%n(yE%) + (1 - y%)in(1 - y¢%))
—ny (y52n(y5%) + y5 i (y5™) )

=15 (5% n(ys%) + (1 = y3°)in(1 - y5°2) )]

Whin = RT (34)

Assuming Tscp= 293.15 K, y5%%= 0.35, y5%2= 0.0004, na/np = 1, specific Wy is

calculated from Eq. (34) as 0.0046 kWh/Nm® raw biogas.

Since the minimum work of separation is only about 0.0046 kWh/Nm® it means that
the upgrading process efficiency according to the second law of thermodynamics is very low,
i.e. approximately 2.2% for configuration B and about 9.8% for configuration G, which
suggests that there is a lot of space for improvement. The process needs to be made more

reversible and reduce parasitic energy losses.

9.2. Biomethane compression

A minimum power requirement is achieved when the compression process is

reversible and isothermal. In this case, the power required can be calculated from the

following expression:



768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

Wnin=DPstaqc In (z:)::) = m;\;/IRT In (2;::) (35)

Assuming biomethane compression from 0.8 to 20 MPa and the biomethane
volumetric flow rate of 167 Nm®/h, the minimum specific compression work calculated from
Eq. (35) is 0.061 kWh/Nm® raw biogas. The actual work of compression under the same
conditions and involving 4 compression stages with intercooling calculated in this study is
about 0.11 kWh/Nm® raw biogas. Therefore, the compression efficiency is about 55% and

there is less potential for improvement as compared to biogas upgrading discussed previously.
10. Potential of a rotary hydraulic pumping device for decreasing power requirements

Since upgrading process thermodynamic efficiency is relatively low and the lowest for
configuration B (only 2.2%) there must be remarkable potential for improvement. In
configuration B, which is the most widely used in European biogas upgrading plants,
considerable power is consumed by water pumping between the low pressure stripper and
pressurised scrubber. Therefore, by recovering energy from pressurised CO, loaded water and
transferring it lower pressure regenerated water one can reduce associated pumping power
requirements. For this purpose an energy recovery device can be used. Below we analyse the
performance of a rotary hydraulic pumping device (RHPD) capable of reducing pumping
power.

The rotary hydraulic pumping device integrates circulating water compression and
decompression. It couples high pressure pump and decompression in one unit. It recovers
decompressions energy and employs it for solvent compression [54]. It is based on a

turbocharger and claimed benefits include lifetime reliability, little maintenance, scalability
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and flexibility to adapt to any upgrading plant conditions. The RHPD includes a multi-
channel cylindrical rotor with inlet and outlet fluid passageways [55]. Pressurised water is
sent to the rotor channels from where it exits in an axial direction parallel to the rotor axis.
Water flow drives rotor revolution and creates a torque.

Fig. 8 explains how the RHPD can be used in an upgrading plant configuration B.

biomethane CO,-loaded air

A

compressor
|
COmpressor

regenerated water

—=(QO,-loaded water V biofilter

~recycled gas

stripper
A A Ly

gas cooler

A blower
compressor
compressor

|

biogas air

Fig. 8. Schematic of the use of the rotary hydraulic pumping device (RHPD) in the upgrading plant

configuration B

The flash tank operating at 0.2 MPa is sufficient to drive water to most typical
strippers. From Bernoulli equation assuming ideal flow, prrs = 0.2 MPa, psrr = 0.12 MPa, w =
2.5 m/s, p =999 kg/m3 Hgrr of 8.2 m is obtained. For the flash tank operating at 0.25 MPa
Hgrg amounts to 13 m which is compatible with the current upgrading process taking place in

the plant configuration B.



810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

2
w
(PrLs—PsTR)-"5>

Pg (36)

Hgrr =

To assess the impact of the RHPD on the upgrading plant performance we adopt its
energy transfer efficiency reported in [49], #zrupp = 70%. The inlet pressure of regenerated

water can be calculated assuming pryoun = 0.8 MPa, pcrwin = 0.8 MPa, pcrwow = 0.25 MPa,

qgcrw = 4rw-:

_ qcLw
Prw,in = PrRwW,out — MRHPD (pCLW,in - pCLW,out) dRw (37)

The obtained inlet pressure of regenerated water is pryi, = 0.42 MPa. This pressure is
used to calculate power requirements of the upgrading plant in configuration B employing the
RHPD. The specific power requirement of the upgrading plant in configuration B processing
250 Nm® biogas at 288.15 K involving this energy recovery device is reduced by about 0.036

kWh/Nm® raw biogas.
11. Discussions

The differences between analysed plants configurations are mainly in upgrading while
compression is not much different. The lowest specific power requirement for biogas
upgrading (excluding compression) is obtained for NAPWS plants without water regeneration
(0.05 kWh/Nm® raw biogas) but this plant requires cheap water supply, e.g. outlet water from
a sewage treatment plant. All HPWS plants have specific power requirements for upgrading
between 0.18 and 0.21 kWh/Nm® raw biogas. Other NAPWS plants have specific power

requirements between 0.11 and 0.14 kWh/Nm® raw biogas.
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The differences in specific power requirements in biomethane compression to 20 MPa
are less pronounced. The compression stage adds about 0.11 kWh/Nm?® raw biogas for HPWS
plants and 0.19 kWh/Nm® raw biogas for NAPWS plants. The lower value for HPWS is due
to biogas compression prior to upgrading to 0.8 MPa.

Biogas compression without upgrading requires 0.29 kWh/Nm® raw biogas which is
less than most plants involving upgrading and biomethane compression. However, there are
very few applications for compressed biogas and the ballast CO, contained in compressed
biogas increases the costs of energy transport and storage. Compressed biomethane has higher
energy density and is more suitable for transport or gas grid injection applications compared
to compressed biogas. Transportation and gas grids require removal of CO,. CO; slightly
reduces efficiency of gas engines (by some 1-2%) [56]. The benefits of using biogas without
upgrading and optionally without compression lie in reduced capital costs. The use of biogas
in situ (e.g. through CHP) is state-of-the-art technology and compressed biomethane could
compete with direct biogas use in case of high demands for biomethane, e.g. from the gas grid
and transport sector.

The flash tank adds to power requirements because recycled gas increases the amount
of gas for compression to 8 bar. It also slightly increases power requirements associated with
the scrubber (more scrubbing water is required). So in total the contribution from flash tank is
about 0.02 kWh/Nm’ raw biogas. The main benefit from using this flash is the limited
methane slip from the stripper into stripping air which for tested plants without flash is about
3.8% while for plants with flash 0.2% of methane in biogas.

Power requirements for compression include biogas and biomethane compression are
slightly higher than power requirements for upgrading. In biogas upgrading power is required
mainly for water pumping. The compression of biomethane/biogas is required both for

transport and for grid injection applications (to about 20 MPa). The compression of
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biomethane is less energy intensive than the compression of raw biogas by about 0.06
kWh/Nm’. The reason is that with biomethane there is no need to compress ballast CO,.

Scrubbing requires lower operating temperatures and hence the performance of
upgrading plants is superior in moderate and cold climates.

The power requirement of biomethane compression is relatively high (about 0.11
kWh/Nm® raw biogas). This power input however, enable biomethane transportation through
the grid to end users. Therefore this power input in the biogas plant contributes to the
transport and therefore supports the demand side making the entire business more realistic.

Specific power requirement for biomethane production is about 0.32 kWh/Nm® raw
biogas. Since the energy content of raw biogas is about 6.0 kWh/Nm® it stands for 5.3%.
However, assuming that electricity is obtained via CHP from biogas with efficiency 35%, 6.0
kWhy/Nm® translates to 2.1 kWhe/Nm?® and hence the power consumption actually is 15.2% of
the power generation potential of raw biogas. One may use biogas directly with no power
requirement e.g. for CHP, heating or cooking but in this case it is unsuitable for grid injection
or for transport applications. Compressed raw biogas may be used for cooking applications
via bottling.

The conclusion is that wherever possible one should utilise raw biogas since it does
not need upgrading or compression with associated energy penalty of about 5.3% or 15.2% (if
electricity is obtained in-situ via biogas CHP). However, if biogas needs to be used remotely
(transportation or gas grids) it needs to be upgraded and compressed.

The investigated impacts of temperature revealed interesting plant performance. The
minimum works of upgrading and compression are roughly proportional to temperature.
However, with drop in 7 by 1.7% the actual reduction of power requirement was more
pronounced, between 4 and 5%. This is explained by highly non-linear nature of CO,

solubility in water. The reduction in compression power requirement was smaller than the
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reduction in upgrading SPR (see Fig. 6) and roughly proportional to temperature change
which is explained by more linear compression process nature. This again emphasises that
water scrubbing is a more suitable technology for moderate and colder climates which is not
the case for other upgrading technologies such as membranes which do not have similar
temperature dependence.

The impacts of plant size are less pronounced. Taking into account that smaller plants
benefit from more convenient access to distributed resources such as digestible biomass for
AD the study suggests that such small plants may be highly productive and economic.

There is potential to recover some of the power required to operate the upgrading
plant. For example, by applying the rotary hydraulic pumping device in the state-of-the-art
upgrading plant in configuration B the power requirement for pumping water to the
pressurised scrubber can be reduced by about 0.036 kWh/Nm® raw biogas. This turbocharger
transfers energy from the high pressure CO, loaded water to the low pressure regenerated

water with efficiency of about 70% [49].

12. Conclusions

This study applies the same methodology for evaluation of various biomethanation plants.
Specific power requirements of eight biogas upgrading and compression plants configurations
are calculated. The results show that reduced power requirement is feasible in plants without
water regeneration and without flash. For optimised plants including water regeneration and
flash the power requirement is about 0.32 kWh/Nm?® raw biogas.

For plants with specific power requirement of 0.32 kWhe/Nm® raw biogas and the
energy content of raw biogas of 6 kWhyNm® (equivalent of 2.1 kWhey/Nm®) biogas is

converted to biomethane with power consumption of less than 15.2% (or with efficiency
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84.8%). However, from the calculated minimum works of upgrading (0.0046 kWh/Nm® raw
biogas) and of biomethane compression (0.061 kWh/Nm® raw biogas) the obtained overall
plant thermodynamic efficiency is much lower, i.e. about 20.5%. Especially biogas upgrading
is inefficient compared to its thermodynamic limits with typical thermodynamic efficiencies
between 2.2 and 9.8% depending on plant configuration while biogas compression has higher
thermodynamic efficiency of about 55%. It emphasises that biogas upgrading may have
remarkable potential for power requirement reduction.

The study evaluates the potential for minimising energy dissipation in the state-of-the-
art HPWS upgrading plant with flash (configuration B) by applying the rotary hydraulic
pumping device at about 0.036 kWh/Nm® raw biogas. It increases the thermodynamic
efficiency of upgrading from about 2.2% to about 2.7% (by 23%) proving that remarkable
progress in improving energy efficiency is realistic.

From comparison of HPWS (with flash) and NAPWS (with water regeneration) plants,
it is found that although they have similar specific power requirements. They differ in
methane slip being more significant for NAPWS. Reduced operating temperatures have lower
power requirements meaning that the water scrubbing is more suitable for moderate and
colder climates. The plant size has small impact on specific power requirements meaning that
distributed generation plants may be highly productive and economic, especially when a
transition from fossil resources to renewable and bioresources will finally take place.

The results of this study have implications for sustainability of biomethane because
they provide insights into how parasitic power requirements are structured and how they can

be controlled.

Nomenclature
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CAPEX

CHP

T T " Q

=

HPWS

NAPWS

OPEX

std

PR

interfacial area density of a column, 1/m
capital expenditure

combined heat and power

specific heat, J/(kg K)

column or pipe diameter, m

pipeline diameter, m

Colebrook-White friction coefficient, -
Gibbs free energy, J

acceleration of gravity, m/s>

liquid head, m

column height, m

Henry constant of species i, (Pa m”)/mol
high pressure water scrubbing

global gas-liquid mass transfer coefficient, m/s
pipeline length, m

molar mass, kg/mol

mass flow rate, kg/s

number of compression stages, -

mass transfer flux, mol/s
near-atmospheric water scrubbing
operating expenditure

pressure, Pa

standard pressure = 1.013 10°Pa

power requirement, W

pressure drop of fluid, Pa
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RHPD

ReL

SPR

rotary hydraulic pumping device

volumetric flow rate, m>/s or Nm®/s or Nm’/h
I Nm’ =1 m’at 1.013 10°Pa, 273.15K

mass flow rate, kg/s

universal gas constant = 8.314 J/(K mol)
Reynolds number (pLuLdH)/uL or (pLuL)/(awpL)
free interface area, m?

specific power requirement, W/Nm®

time, S

temperature, K

superficial velocity, m/s

vapour-liquid equilibrium

work, J; specific work, J/Nm’®

mass fraction, kg/kg

molar fraction, mol/mol

column height coordinate, m

pipe surface roughness, -

packing void fraction, m*/m’

efficiency, -

ratio of specific heats = 1.32 (CHy), 1.28 (CO,)
dynamic viscosity, kg/(m s)

kinematic viscosity, m*/s

performance index, -

fluid density, kg/m’

surface tension, N/m
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critical surface tension of packing material, N/m
gas-liquid mass transfer rate density, kg/(m s)
enhancement factor for turbulent diffusion

form factor, -

column cross-section area, m’

. . 3
molar concentration of a species, mol/m

Subscripts and superscripts

ATM

C

CcG

CL

CLW

cooL

CPK

FLS

in

out

RW

atmospheric
compressor

gas phase constant
liquid phase constant
CO; loaded water
coolant

packing specific constant
dynamic

enriched biogas
flash tank

gas phase

inlet

liquid phase

outlet

raw biogas
regenerated water

static
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SCR scrubber

std at standard p=1.013 10°Pa and 7=298.15K
STR stripper

TK degassing tank

T total

w water
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