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ABSTRACT 10 

In this study, a simplified methodology for the calculation of the balance of greenhouse 11 

gas (GHG) emissions and corresponding saving compared with the fossil reference is 12 

presented. The proposed methodology allows the estimation of the anthropogenic GHG 13 

emissions of thermochemical biorefineries (net emitted to the atmosphere). In the 14 

calculation of the GHG balance, all relevant factors have been identified and analyzed 15 

including multiproduction, emissions from biogenic carbon capture and storage (Bio-16 

CCS), co-feeding of fossil fuels (secondary feedstock) and possible carbon storage in 17 

biomass-derived products (chemicals). Therefore, it is possible to calculate the balance 18 

of GHG emissions of a hypothetical thermochemical biorefinery considering different 19 

alternatives of land-use, biomass feedstock, co-feeding of fossil fuels, Bio-CCS 20 

incorporation and final use of the products. The comparison of the estimated GHG 21 

balance with the corresponding fossil reference for each product is of special relevance 22 

in the methodology since it is the parameter used in European regulation for the fulfillment 23 

of sustainability criteria in biomass-derived fuels and liquids. The proposed methodology 24 

is tested using a previously assessed set of different process concepts of thermochemical 25 

biorefineries (techno-economic analysis). The resulting GHG balance and saving are 26 

analyzed to identify uncertainties and provide recommendations for future regulation. In 27 

all process concepts, the GHG savings are above the minimum requirement of GHG 28 
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emissions for 2018. In the case of incorporating Bio-CCS, cradle-to-grave negative GHG 29 

emissions are obtained. However, in order to assess the role of chemical co-production 30 

from biomass, they need to be included in future regulation. 31 

 32 
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NOMENCLATURE 35 

A: factor scaling to the area concerned 36 

CC: carbon content (g of CO2 eq. / MJ of chemical) 37 

CSA: carbon stock per unit area associated with the actual land use 38 

CSR: carbon stock per unit area associated with the reference land use 39 

CVEG: above and below ground vegetation carbon stock 40 

E: GHG balance (g CO2 eq. / MJ of all products) 41 

eB: bonus of 29 g CO2 eq. / MJ energy carrier if biomass is obtained from restored degraded land 42 

eccs: emissions saving from Bio-CCS (g CO2 eq. / MJ of all products) 43 

ECS: equivalent carbon storage in chemicals (%) 44 

eec: emissions from the extraction or cultivation of raw materials (g CO2 eq. / MJ of all products) 45 

EF = anthropogenic emissions of the fossil reference: transportation fuel, heat or electricity 46 

generation (g CO2 eq. / MJ of fossil reference) 47 

Ei: GHG balance of product i (g CO2 eq. / MJ of i) 48 

el: annualized emissions from carbon stock changes caused by land-use change (g CO2 eq. / MJ 49 

all products) 50 

ep: emissions in the biorefinery (g CO2 eq. / MJ of all products) 51 

etd: emissions from transport and distribution (g CO2 eq. / MJ of all products) 52 

eu,i: emissions in the final use of i (g CO2 eq. / MJ of i) 53 

FI: input factor (soil organic carbon) 54 

FLU: land use factor 55 

FMG: management factor 56 

GSi = grade of substitution for product i (MJ of fossil reference / MJ of i) 57 

P: productivity of the crop (MJ/ha) 58 

savingi : individual saving of product i 59 

SOC: soil organic carbon 60 

SOCST: standard soil organic carbon in the 0-30 centimeter topsoil layer 61 

xi·: fraction of product i in total plant production (lower heating value basis) 62 

  63 



1. Introduction 64 

A thermochemical biorefinery is a facility which processes biomass by means of pyrolysis 65 

and/or gasification to produce one or several products (commonly energy carriers: 66 

transportation fuel or fuel for heat or electricity generation; but also chemicals) and 67 

services (heat, electricity). The thermochemical conversion of biomass leads to syngas 68 

(gasification) or bio-oil (pyrolysis), which are processed in a similar fashion to 69 

conventional refineries or petrochemical plants. For instance, the technologies and know-70 

how from the petrochemical industry apply to the design of thermochemical biorefineries 71 

[1]. However, nowadays, thermochemical biorefineries are not yet commercial. Important 72 

efforts are being made for their commercialization by Enerkem Company in Canada 73 

(gasification of municipal solid waste and production of ethanol) [2]. There are also 74 

several public demonstration plants producing dimethyl ether (DME) in Sweden (BioDME 75 

project) and Germany (bioliq® project), and substitute natural gas (SNG) in Sweden 76 

(GoBiGas project) [3-5]. All these examples are of thermochemical biorefineries 77 

producing a single product. 78 

 79 

The success of thermochemical biorefineries depends on the combination of three pillars 80 

of sustainability: economic (the biorefinery must be profitable), environmental (there must 81 

be a significant saving of greenhouse gas, GHG) and societal/regulation (there should be 82 

public promotion through supranational regulation). The fulfillment of these three pillars 83 

leads to a sustainable process able to reduce fossil fuel dependence. 84 

 85 



Regarding the economic pillar, energy carriers produced in thermochemical biorefineries 86 

cannot compete with fossil fuels unless public financial support is offered (e.g. subsidies). 87 

Conventional refineries require less processing and have larger energy efficiencies (from 88 

feedstock to final products) [1,6-9]. However, biomass is the only source for renewable 89 

carbon. In order to enhance plant economics, a different approach was proposed in the 90 

design of thermochemical biorefineries with multiproduction (co-producing energy 91 

carriers and chemicals) [10]. Like in refineries, there is potentially large energy and 92 

material integration in these plants, so product diversification would neither adversely 93 

affect energy efficiency, nor process economics. These biorefineries could achieve high 94 

profitability if low-value high-volume products (energy carriers and/or commodities for the 95 

petrochemical sector) are co-produced along with high-value low-volume products (high-96 

value chemicals) [1,10]. 97 

 98 

Focusing on the environmental pillar, thermochemical biorefineries usually have a higher 99 

saving of GHG emissions (cradle-to-grave) compared to biochemical biorefineries (Figure 100 

1). Figure 1 shows the GHG saving (cradle-to-grave) of thermochemical and biochemical 101 

biorefineries from the literature. The saving for ethanol is the average from references 102 

[24,25] (thermochemical biorefinery) and [26-30] (biochemical biorefinery). The values for 103 

DME, Fisher-Tropsch (FT) and SNG are taken from references [9,30-32]. The value for 104 

H2 are taken from [9] (thermochemical biorefinery) and [33-36] (biochemical biorefinery). 105 

However, the values presented in Figure 1 are based on data resulting from the different 106 

conditions of, e.g. biomass cultivation and land-use change, and methodology from the 107 

references does not follow any regulations on biofuels. The incorporation of biogenic 108 



carbon capture and storage (Bio-CCS), i.e. a biogenic CO2-rich stream is captured, 109 

pressurized and transported to an onshore or offshore geological storage facility 110 

(sequestration), can lead to significant removal of CO2 from the atmosphere [11,12] and 111 

the impact of the sale of captured CO2 has been analyzed in several techno-economic 112 

assessments [13-23]. Nonetheless, a cradle-to-grave GHG balance of the process is 113 

necessary before considering storage (sequestrated) CO2 as a negative emission of the 114 

process [1]. Biogenic carbon capture and replacement (Bio-CCR), i.e. a biogenic CO2-115 

rich stream is captured and used for the production of other products e.g. urea, requires 116 

further analysis with regard to the products made from the reutilized CO2 [37-41]. 117 

 118 

 119 

Figure 1. GHG saving (cradle-to-grave) of thermochemical and biochemical 120 

biorefineries from the literature [9,24-36].     121 

 122 

Concerning the regulation pillar, governments have regulated the bioenergy sector in 123 

order to secure investment and promote the best available technologies for greatest GHG 124 

saving and the reduction of fossil fuels dependence. To date, regulation has been limited 125 

to financial support for energy carriers, and in the European Union (EU) to the 126 

implementation of minimum GHG saving. Neither Bio-CCS nor rewarding for the 127 

achievement of substantial GHG saving (above the regulated target) have been included 128 

in the European Emissions Trading Scheme (EU-ETS) [1,42]. 129 

 130 

The fulfillment of current regulation is core in the design of thermochemical biorefineries. 131 

In order to check fulfillment, the first step is calculation of the GHG balance. The GHG 132 



balance has a physical meaning and its calculation should be accurate and simple if easy-133 

way utilization by stakeholders is desired. However, there are alternatives and 134 

uncertainties in the calculation. The value assigned to emissions from cultivation and 135 

transportation, the grade of substitution of the fossil-product and the use of fossil fuels as 136 

secondary feedstock in the biorefinery are common to all biorefineries at early stage of 137 

development. Product allocation, co-production of chemicals and the diverse final use of 138 

co-products are inherent to thermochemical biorefineries with multiproduction. The 139 

second step involves the comparison of the emissions assigned to the bio-product(s) with 140 

the corresponding fossil reference(s). The way this comparison is carried out is regulated 141 

and, therefore, different GHG savings could be assigned to the same bio-product 142 

according to different regulations. 143 

 144 

In this paper, the main aim is to describe and discuss the calculation of the GHG balance 145 

and saving of thermochemical biorefineries. The proposed methodology is based on 146 

current and expected EU regulation including all relevant contributions, such as the 147 

impact of multiproduction (energy carriers and/or chemicals) and Bio-CCS. To the best of 148 

our knowledge, there is no previous studies of this kind in the literature. The methodology 149 

is applied to a previously assessed set of process concepts of thermochemical 150 

biorefineries. The resulting GHG balance and saving are analyzed to provide a set of 151 

recommendations for future regulation. Special attention is given to the co-production of 152 

chemicals, since they could represent a long-term storage of biogenic carbon and 153 

improve the process economy [1,43]. 154 

 155 



2. GHG balance and saving 156 

2.1. GHG balance 157 

The GHG balance is the sum of all cradle-to-grave anthropogenic GHG emissions (net 158 

emitted to the atmosphere) from the process (Equation 1, see Figure 2.b). It is expressed 159 

in g of CO2 equivalent. The functional unit is MJ of product(s) leaving the biorefinery (lower 160 

heating value basis). The GHG balance is, therefore, a measure of the emissions of the 161 

whole process including all products from the biorefinery and has a physical meaning. 162 

 163 

E = eec + el + ep – eccs + sum[xi·(etd + eu,i)]   (Equation 1) 164 

 165 

An individual GHG balance can also be defined for each co-product. This value is useful 166 

for the calculation of the saving of a specific product: 167 

 168 

Ei = xi·(eec + el + ep – eccs) + etd + eu,i  (Equation 2) 169 

 170 

 171 

Figure 2. Balance of GHG emissions using fossil fuels (a) or biomass (b). 172 

 173 

2.2. Differences between carbon footprint assessment and GHG balance 174 

The calculation of the cradle-to-grave GHG emissions of a process using biomass can be 175 

carried out using different methods [44,45]. A conventional environmental assessment 176 

(carbon footprint assessment) would be carried out using a life cycle assessment (LCA) 177 

limited to the GHG emissions (cradle-to-grave). LCA is a well-known tool, which analyzes 178 



all relevant emissions and resources consumed and the related environmental and health 179 

impacts and resource depletion issues that are associated with any goods or services 180 

[46]. The carbon footprint assessment is a useful method for the comparison of new 181 

products and technologies, which requires precise data (inventory) and well-defined 182 

system boundaries. Therefore, it is necessary to have detailed knowledge of the full life 183 

cycle of the product (from the extraction of resources, through production, use, and 184 

recycling, up to the disposal of remaining waste [46]) and the reference system 185 

(comparing different alternatives to produce the same functional product). LCA requires 186 

a relevant functional unit and well-defined system boundaries. Since the GHG balance 187 

uses MJ of products as a functional unit and does not analyze the reference system, it 188 

would not be a consistent method compared to LCA standards [46]. 189 

 190 

The GHG balance can be seen as a simplified version of a carbon footprint assessment, 191 

which aims to be useful for the calculation of the GHG saving of a process (in our case a 192 

thermochemical biorefinery). In a GHG balance, we do not aim for the comparison of 193 

different processes for the production of the same functional unit. Moreover, we want to 194 

apply this method to new process concepts still far from commercial. The results of the 195 

GHG balance are used to check the fulfillment of the imposed GHG saving (compared to 196 

the fossil reference). We do not have a carbon footprint for the reference fossil-product 197 

(e.g. gasoline), but a value assigned by supranational regulation, which may or may not 198 

be in keeping with the results of a carbon footprint assessment. Emissions from biomass 199 

cultivation, transportation and land-use change are estimated.  200 

 201 



2.3. Calculation of the GHG balance and saving according to European regulation  202 

Directive 2009/28/EC of the European Parliament and Council also known as Renewable 203 

Energy Directive (RED) regulates the certification of energy carriers (biofuels and 204 

bioliquids) imposing a minimum GHG saving (Table 1). According to RED, the saving is 205 

calculated regarding the final use of the energy carrier as a transportation fuel (biofuel), 206 

or for the generation of electricity or heat (bioliquids) [41]. The grade of substitution (GS) 207 

allows a better comparison with the fossil reference or for rewarding the use of some 208 

biomass feedstock (see Equation 3). Therefore, thermochemical biorefineries co-209 

producing an energy carrier are forced to observe RED, which regulates how to account 210 

for the individual GHG balance of each energy carrier. The production of electricity from 211 

(solid) biomass is still not regulated in the EU [47]. Therefore, electricity exported to the 212 

grid from the biorefinery has no GHG saving requirement. 213 

 214 

Table 1. Required GHG saving for new biorefineries producing energy carriers in the EU 215 

[41]. 216 

Time Saving 

until 2017 35% 

2017-2018 50% 

after 2018 60% 

 217 

 218 

Saving (%) = (EF – E/GS)/EF      (Equation 3) 219 

 220 

For the calculation of the GHG balance, RED states that each term can be either 221 

calculated using actual data or using a set of default values provided by the European 222 

Commission. When assessing new process concepts, only emissions from the biorefinery 223 



are known, so the use of default values for the remaining steps is mostly recommended. 224 

RED considers zero the emissions in the final use of energy carriers produced from 225 

biomass [41]. In the case of co-producing more than one energy carrier, other products 226 

and/or electricity (multiproduction), the individual GHG balance of the energy carrier has 227 

to be used, where common emissions to all products are allocated to their energy content 228 

(determined by lower heating value except for electricity) [41]. However, the calculation 229 

of the GHG saving is limited to energy carriers and is not currently regulated for other 230 

products (including electricity). 231 

 232 

3. GHG balance and saving of thermochemical biorefineries producing an energy 233 

carrier 234 

In this section, we deal with the calculation of the GHG balance of thermochemical 235 

biorefineries producing one energy carrier: biomass feedstock, land-use change (direct 236 

and indirect), grade of substitution, fossil reference, impact of biogenic GHG emissions, 237 

co-feeding of fossil fuels and Bio-CCS incorporation. The impact of these contributions is 238 

analyzed using a previously published process concept [10]. 239 

 240 

3.1. Biomass feedstock, and the transport and distribution of biomass and products 241 

A thermochemical biorefinery (opposite to biochemical biorefineries) can process a wide 242 

range of biomass feedstock: edible biomass, all kind of lignocellulosic biomass (wood, 243 

energy crops, forest and agricultural residues), sewage sludge, and refuse-derived fuel 244 

(RDF). 245 

 246 



RED provides a set of default values for the use of farmed and waste wood, whereas for 247 

energy crops actual emission values are required (Table 2). In the case of RDF 248 

(biodegradable fraction), sewage sludge, forest or agriculture residues, RED considers 249 

no associated emissions [41]. The transport of biomass is also regulated, especially for 250 

biomass produced in EU. However, RED aggregates these values with the emissions 251 

from the distribution of final products [41]. 252 

 253 

Table 2. Default values for cultivation (eec) and transport (etd) in g CO2 eq. / MJ (all 254 

products) [41]. 255 

  eec etd
a 

Wasted wood 1.0 4.0 

Farmed wood non-degraded land 5.0 2.0 

severe degraded land 7.5b 2.0 

RDF (biodegradable fraction), sewage 

sludge, forest and agriculture residues 

0 Actual values 

are required 

Energy crops Actual values are required 
a It includes the distribution of final products as liquids (road transport). 256 

b Assumed to be 50% higher than for non-degraded land. 257 

 258 

3.2. Land-use change (direct and indirect) 259 

First, we must distinguish between direct and indirect land-use change. Direct land-use 260 

change means any change in the use of a piece of land from one to another of the six 261 

IPCC land cover categories (forest land, cropland, grazing land, wetlands, settlements, 262 

other land) plus a seventh category for perennial crops, covering in particular multiannual 263 

crops whose stem is usually not annually harvested [48]. Indirect land-use change means 264 

where pasture or agricultural land previously destined for the food, feed and fiber markets 265 

is diverted to biofuel production, the non-fuel demand will still need to be satisfied either 266 



through intensification of current production or by bringing non-agricultural land into 267 

production elsewhere [48]. 268 

 269 

The value of direct land-use change depends on the region, the kind of soil and the 270 

previous use of the land [41]. However, in the case of a managed forest, there is no 271 

difference between distinct regions if the forest previously managed for wood production 272 

is managed for energy crop production [41]. The use of forest and agricultural residues 273 

has no associated emissions if there is no reduction in the stock of carbon soil. The use 274 

of waste wood, RDF and sewage sludge have no associated emissions [41]. 275 

 276 

As an illustrative example, two cases of direct land-use change are proposed in this study: 277 

• Severe degraded land (Mediterranean country). 278 

• Managed forest (Mediterranean or Nordic country). 279 

 280 

The default values for land-use change have been calculated using the value of 281 

productivity from reference [10], as explained in European guidelines [41,48,49]. The 282 

emissions associated with the severe degraded land in a Mediterranean country are -42.8 283 

g CO2 eq. / MJ (total production). There are no associated emissions in the case of 284 

managed forests. The details of the calculation of the direct land-use change emissions 285 

are shown in Annex A. 286 

 287 

Regulation of indirect land-use change is considered crucial for sustainable development 288 

in the bioenergy sector. However, the major impact is associated with biorefineries using 289 



edible biomass or energy crops [50]. Although indirect land-use change is still under 290 

discussion, lignocellulosic biomass, wastes and residues are not included in the 291 

regulation of indirect land-use change [48,51]. 292 

 293 

3.3. Grade of substitution 294 

The calculation of the GHG saving uses the MJ as a functional unit for both the fossil 295 

reference and energy carrier. However, RED states that the energy content may not be 296 

applicable if important differences are found in the final use. In such a case, the grade of 297 

substitution should be used [41]. An estimation of the grade of substitution is shown in 298 

Table 3, where ethanol, Fisher-Tropsch diesel (FT), SNG and DME are compared with 299 

their fossil references. 300 

 301 

In the case of using lignocellulosic biomass, wastes or residues, the energy carrier is 302 

considered to have twice its actual energy content [41]. However, expected regulation in 303 

EU could eliminate this bonus [48]. 304 

 305 

Table 3. Maximum differences for the grade of substitution. 306 

 Grade of substitution (GSi)a 

 Transportation 

fuelb 

Heat generation Electricity 

generation 

References 

Ethanol 1.1 (2.2) - - [52] 

FT 0.95 (1.9) - - [53] 

SNG 0.8 (1.6) 1 (2)c 1 (2)c [54,55] 

DME 0.7 (1.4) 1 (2) - [56] 
a The values of energy content used are 21.3 MJ/L for ethanol, 34.2 MJ/L for FT, 46.6 307 

MJ/kg for SNG and 28.0 MJ/kg for DME. The values in brackets refer to the case of having 308 

twice its energy content [41]. 309 



b It depends on the car engine. Future development in technology will change these 310 

values. 311 

c SNG properties do not differ from conventional natural gas. 312 

 313 

3.4. Fossil reference 314 

Table 4 shows the default values for the fossil reference regarding the final use of the 315 

energy carrier, which are the latest available actual average emissions from the European 316 

Commission. The main uncertainty surrounding current regulation is the estimation of the 317 

evolution of the diesel/gasoline split in EU [50]. 318 

 319 

Table 4. Emissions of the fossil reference (EF) [41,50]. 320 

 g CO2 eq. / MJ 

Transportation fuela 83.8 (90.3) 

Heat generation 77.0 

Electricity generationb 91.0 
a In brackets the value estimated for 2020. 321 

b The value given for electricity generation does not apply to electricity production in the 322 

biorefinery (see section 2.3). 323 

 324 

3.5. Impact of biogenic GHG emissions 325 

RED assumes the use of energy carriers has a neutral impact on global carbon balance 326 

if they are produced from biomass [41]. This would be right for CO2 emissions from the 327 

complete combustion of the energy carrier. However, during combustion, other gases 328 

with global warming potential (GWP) like methane, N2O and CO are emitted. These gases 329 

should not be neglected. Table 5 shows the corresponding anthropogenic GHG 330 

emissions in the final use of some energy carriers. 331 

 332 



Table 5. GHG emissions of biofuels with GWP impact. 333 

 Anthropogenic emissions (g CO2 eq. / MJ of product) a 

 Transportation 

fuelb 

Heat 

generation 

Electricity 

generation 

References 

Ethanol 5.36 - - [57] 

FT 2.30 - - [58] 

SNG 4.11 4.11 0.95 [58] 

DME 3.76 3.76 - [59] 

a Total GHG emissions from the final use (combustion) – CO2 emissions from complete 334 

combustion. 335 

b For conventional car engines. The fraction of N2O in the exhaust gases are taken from 336 

[60]. 337 

 338 

There is controversy surrounding the temporal impact of biogenic emissions [45], and 339 

they are usually not considered in order to avoid double counting [61]. However, some 340 

references have assessed the importance of the timing of CO2 fluxes on the balance of 341 

GHG emissions [61,62]. Regarding biomass feedstock, the climate outcome may still be 342 

undesirable when the carbon is sourced from slow-growing biomass [62]. Current 343 

information is still limited and the subject is not expected to be regulated in the medium 344 

term. 345 

 346 

3.6. Co-feeding of fossil fuels (secondary feedstock) 347 

The co-feeding of fossil fuels is common in biochemical biorefineries, where natural gas 348 

is often combusted in cogeneration units. In the case of thermochemical biorefineries, the 349 

co-feeding of fossil fuels (a secondary feedstock in the biorefinery) is seldom analyzed 350 



[63,64]. In the case of coal, the best option is to use it in a gasifier producing more syngas. 351 

In the case of natural gas, it could be reformed (producing more syngas) or use for the 352 

production of heat and power (cogeneration). Regardless of the fossil fuel, the co-feeding 353 

of fossil fuels always increases the GHG emissions of the biorefinery (see Annex B). 354 

 355 

3.7. Bio-CCS 356 

The capture of CO2 is technically favored in thermochemical biorefineries compared to a 357 

conventional power plant [12,22,42,65]. It is also favored from an environmental 358 

perspective since it is the only technology able to remove biogenic CO2 from the 359 

atmosphere [12]. Therefore, the flux of CO2 storage is a negative contribution in the GHG 360 

balance (for further details see [1]). In the case of the co-feeding of a fossil fuel, only a 361 

fraction of the CO2 would be biogenic (see Annex B). Nevertheless, there are also 362 

associated GHG emissions. The compression and conditioning of the CO2 requires 363 

electricity thereby affecting the GHG balance (see Annex B). In this study, only CO2 364 

capture and geological storage (sequestration) is analyzed. 365 

 366 

3.8. Example of a process concept of thermochemical biorefinery producing one 367 

energy carrier 368 

Table 6 shows the inventory of a thermochemical biorefinery producing ethanol. The GHG 369 

balance and saving of the process concept are calculated considering different case 370 

studies (see Table 7). 371 

 372 

Table 6. Inventory of a process concept of thermochemical biorefinery producing 373 

ethanol.a 374 



 Value 

Biomass input 500 MWth 

Electric balanceb -61 MWe 

Ethanol production 157 MWth 

Emissions in the biorefinery, ep 
c 0.4 g CO2 eq. / MJ 

Bio-CCS (optional)c 23.4 t/h CO2 
a Corresponding to process concept TR-01 of our previous publication (8000 operating 375 

hours per year) [10]. 376 

b A negative value means that electricity is exported to grid. 377 

c The calculation is detailed in Annex B. 378 

 379 

Table 7. Description of the case studies (thermochemical biorefinery producing ethanol). 380 

Case Biomass Land GHG 

emissions 

in the 

final use 

Bio-CCS According to 

current EU 

regulation? 

A Farmed wood Severe 

degraded land 

in a 

Mediterranean 

country 

Neutral No Yes 

B Farmed wood Managed 

forest 

Neutral No Yes 

C Wasted wood N/A Neutral No Yes 

D Forest and 

agriculture 

residuesb 

N/A Neutral No Yesa 

E Farmed wood Severe 

degraded land 

in a 

Mediterranean 

country 

As stated 

in Table 5 

No No 

F Farmed wood Severe 

degraded land 

in a 

Neutral Yes Yes 



Mediterranean 

country 

G Farmed wood Managed 

forest 

Neutral Yes Yes 

H Wasted wood N/A Neutral Yes Yes 

I Forest and 

agriculture 

residuesb 

N/A Neutral Yes Yesa 

a The directive does not give default values for the transportation of residues. The same 381 

value as for wasted wood have been assumed. 382 

b The same value for etd as for wasted wood has been assumed. 383 

 384 

For each case study, the corresponding values for emissions from previous sections have 385 

been used except for lignocellulosic biomass, which has not been considered as twice its 386 

energy content (according to expected future regulation, see section 3.3). 387 

Figure 3 shows that the highest emissions corresponds to the use of farmed wood from 388 

a managed forest as feedstock (case B). The use of severe degraded land (cases A, E 389 

and F) always give negative emissions. However, these cases are unlikely because of 390 

the increase in the production cost of biomass. The use of forest and agriculture residues 391 

(cases C-D and H-I) produces the same result due to the simplifications in the calculation 392 

of the GHG balance. The incorporation of Bio-CCS (cases F-I) dramatically reduces the 393 

emissions and it is a more viable option compared to the use of severe degraded land. 394 

The impact of considering anthropogenic emissions in combustion (case E) has a greater 395 

impact than the use of wasted wood or other residues instead of farmed wood in the GHG 396 

balance. The resulting GHG saving, in general, exhibits the opposite behavior. In all 397 

cases, the saving is above the minimum required for 2018, i.e. 60%. The highest saving 398 

is achieved using farmed wood from severe degraded land and incorporating Bio-CCS 399 

(Case F). However, in the cases of forest and agriculture residues (cases C, D, H and I), 400 



the saving is higher because of the consideration of double energy content. Therefore, 401 

although having 2 g CO2 eq./MJ of difference, the savings of cases H and I are 22 points 402 

above case G. 403 

 404 

 405 

Figure 3. Results of GHG balance and saving of the process concept producing ethanol. 406 

 407 

4. GHG balance and saving of thermochemical biorefineries with multiproduction 408 

In a thermochemical biorefinery with multiproduction, the design of the plant is similar to 409 

conventional refineries, where not only several energy carriers but also chemicals 410 

(commodities and high-value chemicals) are co-produced. Therefore, the calculation of 411 

the GHG balance requires the allocation of emissions up to the biorefinery for each co-412 

product (including chemicals, which are not regulated). In a thermochemical biorefinery 413 

with multiproduction, it is not possible to calculate a single GHG saving for the whole 414 

process if there is more than one energy carrier with different fossil references. An 415 

alternative analyzed in this study is the definition of an average saving. In some cases, 416 

the same co-product can have different final uses: energy carrier (transportation fuel, 417 

generation of heat and/or electricity) and/or chemical. 418 

 419 

4.1. Co-production of several energy carriers 420 

If several energy carriers are co-produced, each co-product would have its individual 421 

saving. However, if a co-product were not able to meet the minimum saving required, the 422 

environmental sustainability of the remaining energy carriers would be in jeopardy. 423 



Therefore, each individual saving of GHG emissions should be above the minimum 424 

saving. 425 

 426 

4.2. Co-production of chemicals 427 

The production of chemicals in thermochemical biorefineries offers a different perspective 428 

to that of biochemical biorefineries. In biochemical biorefineries, chemical production is 429 

usually limited to the fine chemistry sector (e.g. succinic acid, hydroxymethylfurfural, lactic 430 

acid and levulinic acid) and the co-production of glycerin in biodiesel plants (a by-product 431 

of the process) [66-77]. A recent review of the GHG balance of biorefineries producing 432 

these chemicals is provided by Kajaste [78]. In a thermochemical biorefinery, the 433 

production of chemicals is on a larger scale; thus potential products are petrochemical 434 

commodities or high-value chemicals for the petrochemical sector [1]. 435 

 436 

The production of chemicals represents more than 30% of total industrial energy 437 

consumption [79]. The use of biomass for the production of chemicals constitutes an 438 

opportunity to reduce GHG emissions associated with the use of fossil fuels in the 439 

petrochemical industry [80]. Although emissions from the chemical industry are still not 440 

regulated, some preliminary guidelines have been developed [81]. 441 

 442 

Two driving factors can promote future regulation of large-scale chemicals from biomass. 443 

First, the EU aims to progressively reduce and finally eliminate all for-free emission 444 

allowances within the EU-ETS, including the petrochemical sector [82]. In such a case, 445 

an increase in operating costs in the production of chemicals is expected [83]. The use of 446 



renewable sources would become of interest and biomass could replace crude oil for 447 

chemicals production. Second, the future promotion of biomass as a feedstock for the 448 

petrochemical sector would be analogous to the current promotion of biofuels. Therefore, 449 

the setting of a minimum GHG saving would also be applicable. 450 

 451 

Considering chemicals are regulated as energy carriers, it would be necessary to know 452 

the corresponding fossil reference, the emissions for further processing (if any) and the 453 

timing of carbon storage (carbon average stock in the long-term) in either the chemicals 454 

or the product made from them. This storage would be similar to carbon storage in 455 

biochar, which is widely accepted and included in EU regulation [41,62,84]. Although the 456 

final use is diverse, the fossil reference and emissions from processing are known if the 457 

chemicals are commodities in the petrochemical sector [85]. However, the timing of 458 

carbon storage raises important uncertainties. First, the use of chemicals is more diverse 459 

than in that of biofuels. Second, the carbon storage depends on the life cycle of the 460 

material, i.e. the final disposal (recycling, landfilling, incineration, etc.) must be known 461 

[40,43,61,84]. Therefore, a detailed analysis is required for each material (final product) 462 

including regional constraints (there are important differences within Europe). Finally, it is 463 

important to avoid double counting in the final disposal of the materials. If they are not 464 

disposed of in a landfill, there are emissions to be considered in the life-cycle of the new 465 

product. For example, if a plastic made from a biomass-derived chemical were 466 

incinerated, the resulting GHG emissions could not be considered neutral. Discussion on 467 

raised implications are outside of the scope of this study. 468 

 469 



We have estimated the timing of GHG emissions using an equivalent biogenic carbon 470 

storage after a period of 100 years (as stated by the IPCC [58]) for chemicals used in the 471 

production of biomass-derived materials. The equivalent carbon storage is expressed in 472 

% of carbon content in the product (expressed in g of CO2 equivalent per MJ of chemical 473 

leaving the biorefinery), which is independent of the fossil or biogenic source. In order to 474 

incorporate the equivalent carbon storage into the GHG saving, the values of the GHG 475 

balance and the fossil reference should be updated as shown in Eq. 4 and 5. Table 8 476 

presents the data for the calculation of the GHG saving for some chemicals. 477 

 478 

Ei = Ei
w/o carbon storage + ECS,i·CCi        (Equation 4) 479 

EF,i = EF,i
w/o carbon storage + (1- ECS,i)·CCi       (Equation 5) 480 

 481 

Table 8. Data for the calculation of the GHG saving of some chemicals. 482 

Co-

product 

Processing (use as 

chemical) 

eu,i (g CO2 eq. / 

MJ of 

chemical) a 

CC (g CO2 

eq. / MJ of 

chemical) 

EF,i (g CO2 

eq. / MJ of 

fossil 

reference) 

Ethanol Production of 

ethylene 

3.8 [19] 70.1 25.4 [86] 

DME Production of olefins 

(ethylene and 

propylene) 

8.0 [22,23] 68.3 73.3 [86] 

Production of 

synthetic gasoline 

0 [22] 68.3 83.8 [41] 

Methyl 

acetate 

Production of vinyl 

chlorine 

7.0b [88] 90.3 70.0 [87] 

H2 Hydrogenation 

(conventional 

refineries)c 

- 0 - 



a Anthropogenic emissions from the processing, equivalent to the emissions of biofuels 483 

with GWP impact (see Table 5). 484 

b The emissions are for the conversion of ethylene into vinyl chlorine (no better data 485 

available). 486 

c For the production of fuels, e.g. upgrading of heavy fuel oil. The consumption of fossil 487 

fuel in the processing of H2 is not included since it is a secondary feedstock in the process. 488 

 489 

4.3. Average GHG saving 490 

Equation 6 shows how to calculate the average GHG saving for a set of bio-products. It 491 

must be noted, that not all bio-products have to be included and electricity is always 492 

excluded. 493 

 494 

Average saving = sum (xi·savingi) / sum (xi)     (Equation 6) 495 

 496 

4.4. Diverse final use of co-products 497 

The final use of each co-product is difficult to predict and depends on market evolution 498 

and supranational regulation. Regarding the fraction of co-product employed in each use, 499 

the GHG balance would be affected because of the different emissions in each final use. 500 

In the case of an energy carrier that can also be used as a chemical (e.g. ethanol and 501 

DME, see Table 8), the individual GHG saving would only be applicable to the fraction 502 

used as energy carrier. 503 

 504 

4.5. Examples of process concepts of thermochemical biorefineries with 505 

multiproduction 506 



Table 9 presents the inventory of a process concept co-producing DME and ethanol (two 507 

energy carriers) and Table 10 a process concept co-producing DME and chemicals 508 

(methyl acetate and H2). 509 

 510 

Table 9. Inventory of a process concept of thermochemical biorefinery co-producing 511 

ethanol and DME.a 512 

 Value 

Biomass input 500 MWth 

Electric balanceb -32 MWe 

Ethanol production 111 MWth 

DME production 32 MWth 

Emissions in the biorefinery, ep 
c 0.5 g CO2 eq. / MJ 

Bio-CCS (optional) 
c 23.4 t/h CO2 

a Corresponding to process concept TR-03 of our previous publication (8000 operating 513 

hours per year) [10]. 514 

b A negative value means that electricity is exported to grid. 515 

c The calculation is detailed in Annex B. 516 

 517 

Table 10. Inventory of a process concept of thermochemical biorefinery co-producing 518 

DME and chemicals.a 519 

 Value 

Biomass input 500 MWth 

Electric balanceb 1 MWe 

DME production 118 MWth 

H2 production 77 MWth 

Methyl acetate production 51 MWth 

Emissions in the biorefinery, ep 
c 0.9 g CO2 eq. / MJb 

Bio-CCS (optional) 
c 23.4 t/h CO2 

a Corresponding to process concept TR-05 of our previous publication (8000 operating 520 

hours per year) [10]. 521 

b A positive value means that electricity is imported from the grid. 522 

c The calculation is detailed in Annex B. 523 



 524 

4.5.1. Thermochemical biorefinery co-producing ethanol and DME 525 

The GHG balance and saving of the process concepts are calculated considering the 526 

different case studies from Table 11. All cases use farmed wood from a managed forest. 527 

 528 

Table 11. Description of the case studies (thermochemical biorefinery co-producing 529 

ethanol and DME). 530 

Cases Final use of 

ethanol 

Final use of 

DME 

Emissions 

in the final 

use 

Bio-CCS According 

to current 

EU 

regulation? 

J Transportation 

fuel (100%) 

Transportation 

fuel (100%) 

Neutral No Yes 

K Transportation 

fuel (100%) 

Transportation 

fuel (100%) 

As stated in 

Table 5 

No No 

L Transportation 

fuel (100%) 

Transportation 

fuel (100%) 

Neutral Yes Yes 

M Transportation 

fuel (100%) 

Heat 

generation 

(100%) 

Neutral No Yes 

 531 

 532 

Figure 4. Results of GHG balance and savings of the process concept co-producing 533 

ethanol and DME. 534 

 535 

Figure 4 shows the GHG balance, average and individual savings. The highest emissions 536 

correspond to the case including anthropogenic emissions from the combustion of ethanol 537 

and DME (case K). If the emissions were not included, the GHG balance would be 5 g 538 

CO2 eq./MJ lower, regardless of the final use of DME (cases J and M). The incorporation 539 

of Bio-CCS has a positive impact giving negative emissions. The average saving is 540 



always above the required 60% (Table 1) as well as for the individual savings. The impact 541 

of the multiple final uses of DME is negligible in the average saving and can only be 542 

appreciated in the DME saving. 543 

 544 

4.5.2. Thermochemical biorefinery co-producing DME and chemicals 545 

The GHG balance and saving of the process concepts are calculated considering the 546 

different case studies from Table 12. All cases use farmed wood from a managed forest. 547 

The different final uses of each co-product are analyzed. 548 

 549 

Table 12. Description of the case studies (thermochemical biorefinery co-producing 550 

DME and chemicals).a 551 

Cases Final use of DME Emissions in 

the final use 

Bio-CCS According to 

current EU 

regulation? 

N Transportation fuel 

(100%) 

Neutral No Yes 

O Transportation fuel 

(50%) 

Production of 

olefins (50%) 

Neutral only 

for energy 

carriersb 

No No 

P Transportation fuel 

(50%) 

Production of 

synthetic gasoline 

(50%) 

Neutral only 

for energy 

carriersb 

No No 

Q Heat generation 

(50%) 

Production of 

olefins (50%) 

Neutral only 

for energy 

carriersb 

No No 

R Transportation fuel 

(50%) 

Production of 

olefins (50%) 

Neutral only 

for energy 

carriersb 

Yes No 



S Transportation fuel 

(50%) 

Production of 

olefins (50%) 

As stated in 

Table 5 and 8 

No No 

T Production of 

olefins (100%)c 

As stated in 

Table 8 

No No 

U Production of 

olefins (100%)c 

As stated in 

Table 8 

Yes No 

a Methyl acetate and H2 are used as chemicals in all cases. 552 

b Chemicals as stated in Table 8. 553 

c Only chemicals are produced. 554 

 555 

 556 

Figure 5. Results of GHG balance and savings of the process concept co-producing 557 

DME and chemicals. 558 

 559 

In Figure 5, if carbon storage is not considered, the highest emissions would correspond 560 

to the use of DME for olefin production (Case T). Like in Figure 2, the final use of DME 561 

as an energy carrier has no impact on the GHG balance (cases O and Q). The emissions 562 

in the final use as an energy carrier of DME have only a slight impact on the GHG balance 563 

(cases Q and S). If the processing of chemicals were not included in the GHG balance, 564 

as stated in RED, the emissions would be the lowest without incorporating Bio-CCS (case 565 

N). Thus, there is an underestimation of the GHG balance if chemicals are co-produced. 566 

The cases considering carbon storage in chemicals would have negative GHG emissions 567 

if the fraction of biogenic carbon storage is higher than 21% (case T) or than 45% (case 568 

P). The calculation of the average saving including chemicals is done using the data from 569 

Table 8. If so, cases using DME for olefin production are heavily penalized in the average 570 



saving (cases O, Q, R and S). However, they are still above the minimum saving required 571 

for energy carriers in 2018. 572 

 573 

5. Discussion 574 

Although current regulation is enough for the calculation of individual savings of energy 575 

carriers produced in a thermochemical biorefinery with multiproduction, important issues 576 

should be addressed in the future. With respect to the calculation of the GHG balance, 577 

we have identified the emissions in the final use of products and the co-production of 578 

chemicals. Regarding the calculation of the GHG saving, the issues are with the average 579 

saving and the diverse use of the products. The co-production of chemicals in the 580 

biorefinery affects GHG balance and saving laterally. Future regulation must consider 581 

these issues, especially if large-scale chemicals are produced (e.g. commodities). 582 

Likewise, in the energy sector, well-defined rules are required for the secure promotion 583 

of biomass-derived products in the petrochemical sector. Therefore, only bioproducts with 584 

a minimum saving of GHG emissions should be candidates for subsidies and financial 585 

support. Considering the regulation of chemicals in terms of GHG saving (as done in this 586 

study), fossil references and minimum savings have to be defined. 587 

 588 

This study has raised some uncertainties in the calculation of the GHG balance and 589 

saving. The diverse final use of energy carriers and chemicals affects the emissions in 590 

final use and could change the fossil reference for the calculation of the saving. In the 591 

case of chemicals, calculation of the emissions in the final use depends on the further 592 

processing into final products (e.g. plastics). The potential impact of carbon storage in 593 



these final products is significant (see Figure 5). Nonetheless, the determination of the 594 

most likely fraction of carbon storage requires actual data from the disposal of final 595 

products (e.g. plastics). Finally, the temporal effect of biogenic GHG emissions should be 596 

fully understood before considering its incorporation into future regulation. 597 

 598 

6. Conclusions 599 

The proposed methodology allows the estimation of the anthropogenic GHG emissions 600 

of thermochemical biorefineries. Therefore, it is possible to calculate the balance of GHG 601 

emissions in a hypothetical thermochemical biorefinery considering different alternatives 602 

of land-use, biomass feedstock, co-feeding of fossil fuels, Bio-CCS incorporation and final 603 

use of the co-products. The comparison of the estimated GHG balance with the 604 

corresponding fossil reference for each product is of special relevance in the methodology 605 

since it is the parameter used in European regulation for the fulfillment of sustainability 606 

criteria. This study demonstrates that the calculation of the saving requires a previously 607 

defined value for the emissions of the fossil reference. The proposed methodology is 608 

useful for the assessment of next-generation thermochemical biorefineries for different 609 

regulation scenarios. However, in order to assess the role of chemical co-production from 610 

biomass, they need to be included in future regulation on bioenergy. 611 

 612 

Regarding the assessed examples of thermochemical biorefineries, the following 613 

conclusions are inferred: 614 

• The incorporation of Bio-CCS brings negative emissions in the GHG balance (a 615 

net removal of CO2 from the atmosphere). 616 



• The diversity of final uses of energy carriers (heat, electricity or transportation fuel) 617 

does not affect the average saving. 618 

• The impact of considering anthropogenic emissions in the combustion of biofuels 619 

has a greater impact than the kind of biomass feedstock in the GHG balance. 620 

However, the anthropogenic emissions in the final use of energy carriers slightly 621 

penalizes the GHG saving. 622 

• In all cases, the GHG savings are above the requirement of 60% for 2018 (above 623 

100% if Bio-CCS is incorporated). 624 

• When chemicals are co-produced in the biorefinery, the carbon storage in 625 

materials (e.g. plastics) has a significant impact on the GHG balance. The GHG 626 

saving cannot be properly calculated since chemicals are not regulated. 627 
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 635 

Annex A. GHG emissions from direct land-use change 636 

RED provides a formula to calculate annualized emissions from carbon stock changes 637 

due to land-use change (expressed in g CO2 eq. /MJ of all products): 638 



 639 

el = (CSR – CSA) · 3,664 · 1/20 · 1/P – eB   (Equation A.1) 640 

 641 

The values of CSR y CSA are obtained from the guidelines of the European Commission 642 

[49]. This guideline provides a formula to determine the soil organic carbon stock: 643 

 644 

CSi = A·(SOC + CVEG )        (Eq. A.2) 645 

SOC = SOCST·FLU·FMG·FI        (Eq. A.3) 646 

 647 

In this study, the values of SOCST, FLU, FMG, FI Y CVEG are taken from the guidelines 648 

provided for mineral soils [49]. 649 

 650 

Table A1. Selected scenarios for the direct land-use change.a 651 

 Reference land use (R) Actual land use (A) 

 Severe 

degraded 

landb 

Mediterranean 

managed forest 

Severe 

degraded landb 

Mediterranean 

managed forest 

SOCST 
Warm temperate and dry climate 

with high activity clay soils 

Warm temperate and dry climate 

with high activity clay soils 

FLU Cultivated Managed forest Managed forest 

FMG No till All All 

FI Low All All 



CVEG All 

Temperate continental forest and 

mountain systems, Asia and Europe 

broadleaf ≤20 years 

a Calculated using the guidelines from European Commission [49]. 

b This case has a bonus of 29 g CO2 eq. / MJ of all products according to RED [41]. 

 652 

Annex B. Calculation of ep and eccs 653 

The value of ep is determined by the process concept of the thermochemical biorefinery. 654 

In the biorefinery, the potential anthropogenic emissions come from the use of 655 

consumables (catalysts, oil, amines, oxygen, etc.) and the import of electricity and/or 656 

heat. However, in the case of the co-feeding of fossil fuels, ep should be updated to take 657 

into account the fraction of anthropogenic carbon leaving the biorefinery as contribution 658 

(see Equation B.1). 659 

 660 

ep = consumables + import of services (+ co-feeding)    (Eq. B.1.) 661 

 662 

Table B.1. Emissions in the biorefinery for the studied process concepts of 663 

thermochemical biorefinery (ep). 664 

 Thermochemical 

biorefinery 

without 

multiproduction: 

cases A-I 

Thermochemical 

biorefinery co-

producing energy 

carriers: cases J-

N 

Thermochemical 

biorefinery co-

producing energy 

carriers and 



(g CO2 eq. / MJ of 

all products) 

(g CO2 eq. / MJ of 

all products) 

chemicals: cases 

O-V 

(g CO2 eq. / MJ of 

all products) 

Consumables 0.44 0.52 0.38 

Import of 

electricitya 

- - 0.57 

TOTAL 0.44 0.52 0.95 

a An emission factor of 0.5 t of CO2 per MWh has been used. 665 

 666 

For the calculation of eccs, not only captured CO2 has to be considered but also the 667 

consumption of electricity in the biorefinery. The incorporation of Bio-CCS involves 668 

conditioning (compression) of the CO2. If required electricity is produced within the plant, 669 

leading to a reduction in the electricity balance. If required, electricity is imported from the 670 

grid, and the associated emissions due to the production of the electricity must be 671 

included. 672 

 673 

Table B.2. Update of emissions in the biorefinery from Bio-CCS incorporation (eccs).a 674 

 Variation of 

electricity 

balance 

(MW) 

Variation of 

emissions 

in the 

biorefinery 

(g CO2 eq. / 

eccs (g CO2 

eq./MJ of all 

products) 



MJ of all 

products) 

Thermochemical biorefinery without 

multiproduction (cases F-I) 

+2.5 0 -30.1 

Thermochemical biorefinery co-

producing energy carriers (case L) 

+2.5 0 -37.6 

Thermochemical biorefinery co-

producing energy carriers and 

chemicals (cases S, V) 

+2.5 +1.43 -26.4 

a GHG emissions from transport and geologic storage are not included. 675 
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