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Abstract

The option of decarbonizing urban freight transport using Battery Electric Vehicle (BEV) seems promising.

However, there is currently a strong debate whether Fuel Cell Electric Vehicle (FCEV) might be the better

solution. The question arises as to how a fleet of FCEV influences the operating cost, the Greenhouse Gas

(GHG) emissions and primary energy demand in comparison to BEVs and to Internal Combustion Engine

Vehicle (ICEV). To investigate this, we simulate the urban food retailing as a representative share of urban

freight transport using a multi-agent transport simulation software. Synthetic routes as well as fleet size and

composition are determined by solving a Vehicle Routing Problem (VRP). We compute the operating costs

using a total cost of ownership (Total Cost of Ownership (TCO)) analysis and the use phase emissions as well

as primary energy demand using the Well To Wheel (WTW) approach. While a change to BEV results in 17 -

23% higher costs compared to ICEV, using FCEVs leads to 22 - 57% higher costs. Assuming today’s electricity

mix, we show a GHG emission reduction of 25% compared to the ICEV base case when using BEV. Current

hydrogen production leads to a GHG reduction of 33% when using FCEV which however cannot be scaled to

larger fleets. Using current electricity in electrolysis will increase GHG emission by 60% compared to the base

case. Assuming 100% renewable electricity for charging and hydrogen production, the reduction from FCEVs

rises to 73% and from BEV to 92%. The primary energy requirement for BEV is in all cases lower and for

higher compared to the base case. We conclude that while FCEV have a slightly higher GHG savings potential

with current hydrogen, BEV are the favored technology for urban freight transport from an economic and

ecological point of view, considering the increasing shares of renewable energies in the grid mix.

Keywords: urban freight transport; multi agent; vehicle routing problem; decarbonization; fuel cell electric

vehicles; well to wheel; total cost of ownership
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1 Introduction and Motivation1

Commercial road vehicles including buses cause 35.6%2

of all greenhouse gas (GHG) emissions in the German3

transport sector. In order to achieve the climate pro-4

tection goals in this sector, GHG emissions must be5

reduced through alternative vehicle drive systems [1].6

The current focus is on battery electric vehicles (BEV)7

due to the complete avoidance of local emissions and8

a comparably high efficiency [2, 3]. However, vehicles9

powered by Fuel Cell (FC) can be an alternative solu-10

tion solving several issues of BEV [4]. In addition to11

locally emission-free driving, fuel cell electric vehicles12

(FCEV) offer the advantages of a short refueling time13

of only a few minutes and a diesel-equivalent range14

[5]. By converting urban freight transport from ICEV15

to FCEV, delivery routes, loading and refueling times16

can be maintained. In contrast, BEVs have range con-17

straints due to the conflict between payload and bat-18

tery size and require charging times of up to several19

hours [6]. The question this paper intends to answer is20

whether these advantages are sufficient to make FCEV21

advantageous over BEV in decarbonizing urban trans-22

port, despite their lower overall efficiency.23

1.1 Technical requirements24

Currently, there are mainly prototypes of FC trucks.25

These include light 7.5t trucks such as the Fuso Vision26

F-Cell or heavy-duty semitrailer tractors such as the27

Nikola Motors Tre, which is expected to be ready for28

series production by 2023 [7, 8]. According to [9], fuel29

cells in buses have already reached a lifetime of 25,00030

operating hours. This is expected to be sufficient for31

most trucks to avoid an expensive change of the FC.32

FC trucks usually store gaseous hydrogen using pres-33

sure tanks of type 3 [10] with comparably low pressure34
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of up to 350 bar. Therefore pre-cooling of the hydrogen 35

is unnecessary [11]. There are many ways to produce 36

hydrogen using fossil and renewable energy sources. 37

Today, 54% of hydrogen in Germany is produced as a 38

by-product of other production processes and 46% is 39

produced by steam reforming of natural gas [12]. Re- 40

generative hydrogen production can be implemented, 41

for example, with Power-to-Gas (Power To Gas (PtG)) 42

plants [5]. There are currently 86 gas stations in Ger- 43

many (as of August 2020) for FCEV refueling. Six of 44

them offer hydrogen pressure of 350 bar and are there- 45

fore compatible for fuel cell buses and trucks [13]. 46

1.2 State of research 47

Several studies have already examined the conversion 48

from diesel to FC trucks: The "Mobility and Fuel 49

Strategy of the Federal Government " [9] examined 50

the research and development needs of FC trucks. The 51

study carried out a market and technology analysis for 52

Germany. The aim of the model is to test the poten- 53

tial market uptake of alternative drive systems. Gen- 54

eral conditions such as vehicle class, type of drive, in- 55

frastructure, traffic volume and general data such as 56

development of freight traffic or energy scenarios are 57

considered. The model depicts the purchasing deci- 58

sions of truck operators, taking into account different 59

types of truck usage. The study calculates total cost 60

of ownership (TCO) and well-to-wheel (WTW) emis- 61

sions for each truck class and drive type. Other stud- 62

ies that consider FCEV for a future market uptake are 63

[14, 15, 16, 17]. Yazdanie et al. analyze the WTW emis- 64

sions and primary energy demand of ICEVs, BEVs, 65

hybrid electric vehicles (HEV), plug-in hybrid electric 66

vehicles (PHEV) and FCEVs of passenger cars consid- 67

ering fossil energy and renewable energy sources [18]. 68

They determine the consumption values per km for 69

the different types of drive, and the emissions and en- 70

ergy requirements of the different vehicle types. Lom- 71

bardi et al. present a performance comparison and the 72
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ecological effects of four truck classes and the types73

BEV, ICEV, PHEV and Plug-in FCEV [19]. They use74

a rule-based and optimized consumption model based75

on the pontryagin minimum principle. Using two dif-76

ferent synthetic drive cycles they calculate the WTW77

GHG emissions and the WTW primary energy de-78

mand using the consumption values. Transport and79

distribution are taken into account in the WTW path.80

Lee et al. compare the primary energy consumption81

andWTW emissions of FCEV and ICEV trucks [20]. A82

high-resolution longitudinal dynamics model and real83

vehicle measurements generate the necessary data. For84

hydrogen production, they consider steam reforming85

with natural gas and hydrogen as fuel in liquid and86

gaseous form. Further studies that investigate different87

hydrogen production paths are [21, 22, 23, 24, 25, 26].88

Daneberg investigates the potentials of FC trucks,89

their TCO, hydrogen costs, and the infrastructure re-90

quired for the Oslo-Trondheim route [27]. The author91

uses a case study to determine the economically most92

suitable case depending on hydrogen costs and fleet93

size. Hall and Lutsey deal with the TCO for zero-94

emission trucks for the Los Angeles area, California95

[28]. They investigate the costs and number of hydro-96

gen filling stations for low, medium and high fleet com-97

positions for long-haul tractor-trailers, port drayage,98

and local delivery trucks. Further studies that investi-99

gate the costs of FCEVs are [29, 30, 31, 32, 33]. The100

summary of the current state of research shows that101

the topic of fuel cell drive has already been investigated102

in market ramp-up models [9, 14, 15, 16, 17], the con-103

version of car traffic to alternative drive systems [18],104

the environmental impact of individual vehicles and105

production paths [19, 20, 21, 22, 23, 24, 25, 26, 34], and106

infrastructure and operating costs of trucks [27, 28].107

However, there is no study that examines the effects108

of a complete conversion of the entire urban logistics109

sector to FC trucks. Changes in costs, emissions, and110

primary energy demand are still pending, especially 111

taking into account the influence of current and future 112

hydrogen production and system prices. Furthermore, 113

to the best of our knowledge, prototype FC trucks have 114

not been used as reference vehicles so far. Martins- 115

Turner et al. use the transport simulation MATSim 116

to investigate the usability of BEVs in comparison to 117

ICEVs for urban freight transport using the food re- 118

tailing logistics in Berlin as a case study [35]. Changes 119

in transport costs, WTW emissions and primary en- 120

ergy demand of ICEVs and BEVs are computed and 121

compared. Since no such study for FCEVs exits so far, 122

the following research question arises: Can FCEVs out- 123

perform BEVs in terms of TCO, WTW emissions and 124

primary energy demand when considering a complete 125

decarbonization of urban freight transport? 126

2 Methodology 127

To find an answer to the research question posed, this 128

study applies the following methodology, which is di- 129

vided into supply planning, simulation of freight trans- 130

port, TCO, and well-to-wheel analysis, to the use case 131

of delivering goods to food retailing stores in Berlin. 132

2.1 Tour planning 133

To deliver food to the various sales locations, nearby 134

distribution centers (so-called "hubs" or “depots”) are 135

first supplied. From there the goods are distributed 136

further to the retail stores. Due to its focus on urban 137

transport, this study considers the latter. Since no data 138

about the actual routes are available, a Vehicle Rout- 139

ing Problem (VRP) with a cost-based objective func- 140

tion is solved using the open-source software jsprit [36]. 141

This provides a plan of the delivery routes as well as 142

a certain fleet composition at minimal cost. Internal 143

and external factors are taken into account. Internal 144

factors are the location of the hubs and the available 145

vehicle types which differ in variable and fixed costs 146

(determined using TCO) and maximum capacity. Ex- 147
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ternal factors such as demand for goods, delivery lo-148

cation, and the time windows for delivery are decisive149

for solving the VRP. They are taken from [37], which150

is also the basis of [35]. Also, the transport network151

and the traffic are external factors that are taken into152

account.153

2.2 Simulation of freight transport154

To simulate the different cases for urban freight traffic,155

the openly available, agent-based simulation software156

MATSim [38] is used. MATSim simulates each vehi-157

cle of the transport system as a so-called agent in a158

transport network, whereby various activities such as159

receiving and delivering goods are carried out. With160

this simulation setup, the scenario of urban freight161

traffic with FCEV can be implemented. In this study162

the Open Berlin scenario is used [39]. After 10,000 it-163

erations of the VRP solver, a single MATSim simula-164

tion for one day is performed. Subsequently, the costs165

and calculated fleet composition are examined and the166

distance and travel times covered by the vehicles are167

retrieved. The energy demand of the fleets is calcu-168

lated from the driven distances and the vehicle class169

specific consumption values. Using the GHG emissions170

and primary energy factors multiplied by the hydrogen171

demand, the total GHG emissions and the energy de-172

mand for the different fuels of WTW can be compared.173

2.3 Total Cost of Ownership (TCO)174

In order to determine the variable and fixed costs for175

the fleet composition, the life cycle costs are investi-176

gated. One method to analyze these costs is the TCO.177

Fixed costs such as acquisition costs and variable costs178

such as operating costs of the product are considered179

[40]. This allows the comparison of the different drive180

types in terms of operational costs over the product181

life cycle. In this paper, the TCO method according182

to the “Bundesverkehrswegeplan 2030” (BVWP, Fed-183

eral Transportation Plan) [41] is established for FCEV184

as already done for BEVs and ICEVs in [35]. Four 185

truck classes are considered: light (7.5 tons), medium 186

(18 tons), heavy (26 tons), and heavy (40 tons). For 187

the 40 tons trucks, trailers are included in the cost 188

calculation. The purchase price of the trucks is de- 189

preciated half by time and half by kilometers driven. 190

In cost accounting according to BVWP, no insurance 191

costs or other taxes are considered. However, from a 192

supplier’s business point of view, these costs are im- 193

portant to consider. Therefore, corresponding values 194

from [37] are used. BEVs and FCEVs are expected to 195

have lower maintenance costs than ICEVs due to fewer 196

components installed. However, there are no concrete 197

values yet. Therefore, the maintenance costs from [37] 198

are used for all drive classes. 199

2.4 Well to Wheel Analysis (WTW) 200

The WTW analysis describes the energy paths of en- 201

ergy carriers from the source to the wheel, distinguish- 202

ing between Well To Tank (WTT) and Tank To Wheel 203

(TTW). The TTW path accounts for the expended en- 204

ergy and the associated GHG emissions in the steps re- 205

quired to deliver the energy carrier to the vehicle. The 206

ecoinvent 3.6. Cutoff Unit database serves as a basis 207

to model the processes and flows for the WTT anal- 208

ysis of the respective energy carriers [42]. For better 209

comparability of the energy sources from the ecoin- 210

vent database and the data from [43], the lower heat- 211

ing value was taken into account as a basis. For BEVs 212

and FCEVs the TTW path equals zero, as no emis- 213

sions arise due to the energy conversion within the 214

vehicles. For the ICEVs, the energy path for a TTW 215

analysis is derived from the consumption values of the 216

trucks and an emission factor for the burned diesel [44]. 217

The GHG emissions and energy use are calculated ac- 218

cording to the impact assessment methods IPCC 2013 219

GWP 100a and Cumulative Energy Demand for lower 220

heating value. 221
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3 Case study222

This case study is based on [35] in which the food re-223

tailing logistics in Berlin is modeled using ICEV and224

BEV. This study adds FCEV to the scope of observa-225

tion and combines all results to obtain a holistic per-226

spective. Since the demand model in [35] is based on227

[37], this study relies on the same model for compa-228

rability. Following [37], there are 1057 food markets229

in Berlin that place approximately 1928 inquiries for230

goods per day. These inquiries are served by 15 food231

suppliers (carriers) with 17 distribution centers. The232

goods are divided into the categories fresh, frozen and233

dry, which are handled separately. Technically, this234

leads to 45 carriers that have to be considered in the235

VRP. The loading time per pallet is approximated236

with 3 minutes. It is possible that the trucks can be237

loaded several times at the depots. Not all vehicle sizes238

are available to all carriers [37]. However, the suppliers239

have the possibility to select any number of available240

trucks for their fleet.241

3.1 Vehicle Parameters242

In this study, the five different cases shown in Figure243

1 are analyzed. First, the current state is modeled as244

a reference. For this purpose, four types of ICEVs in245

the dimensions 7.5t, 18t, 26t and 40t are considered.246

Subsequently, two cases are considered for the BEV.247

Martins-Turner et al. show that today a BEV exclud-248

ing battery costs about 1.6 times as much as a com-249

plete ICEV [35]. However, it is assumed that in the250

future a BEV without a battery will cost the same as251

an ICEV. These are the two case distinctions for ve-252

hicle costs (BEV160 and BEV100). In this study it is253

assumed that BEV160 represents today’s market and254

will therefore be operated with today’s electricity mix.255

In contrast, BEV100 represents a future scenario and256

is therefore operated with an electricity mix of 50%257

wind and 50% solar power. BEVs are designed in the258

same weight classes as the ICEVs. The batteries are259

dimensioned in such a way that, taking into account 260

the increased permissible total mass for emission-free 261

commercial vehicles in the EU [45], there is no change 262

in payload compared to ICEVs. Lithium nickel man- 263

ganese cobalt oxides (NMC) commercial vehicle bat- 264

teries with a price of 600€/kWh on pack level are used. 265

All other specifications for the first three cases can be 266

viewed in [35]. The novelty in this study are the two 267

cases with FCEV. The layout of FCEV is equivalent 268

to BEV, but with a smaller battery and the FC and 269

tanks as additional components. Therefore the cases 270

FCEV160 and FCEV100 are defined analogously to 271

the BEV cases. 272

As there are currently no FC trucks in series produc- 273

tion, the Nikola Tre [8] for the 40t truck, the prototype 274

from the partner project ASKO Scania [46] for the 275

26t truck and the concept truck Fuso Vision F-Cell 276

[7] for the light 7.5t truck are selected as reference 277

models. FCEV prototypes for the medium 18t truck 278

are still pending, therefore separate assumptions are 279

made. FCEVs have an approximately 1.8 times higher 280

TTW consumption due to the energy conversion in the 281

FC for which an efficiency of 55% is assumed according 282

to [19]. According to Kurzweil the FC of a vehicle is 283

mostly kept at an optimal operating point and the re- 284

maining power is provided by a battery [47]. Thus the 285

consumption value of the 18t truck can be calculated 286

with the consumption value of the BEV in the same 287

weight class divided by a fuel cell efficiency of 55% 288

[19]. The consumption values for the 7.5t, the 26t and 289

the 40t truck result from the range and stored energy 290

in the form of hydrogen indicated in [7, 8, 46]. The 291

values appear plausible, as similar values result with 292

the aforementioned calculation method. For all FCEV 293

classes, the same system power as in the BEV case is 294

assumed in order to be able to compare them fairly. 295

In FCEV, the system performance is made up of the 296

power of the fuel cell and the battery. The hydrogen 297
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Figure 1 Overview of Vehicle and Fuel Scenarios

tank of the 18 tons FCEV is dimensioned to achieve a298

similar range as for ICEVs. For the FCEV cases, the299

vehicle configurations in table 1 result. The simulation300

results in figure 2 shows that the assumed ranges of301

the FCEVs are sufficiently high for all truck classes so302

no intermediate refueling is needed.303

3.2 Cost Parameters304

3.2.1 Vehicle Prices305

Since the construction of BEV and FCEV are very306

similar except for fuel cell and tank, the same chassis307

costs presented in [35] are assumed for both vehicle308

types. It is assumed that the chassis costs for FCEV are309

currently 60% higher than for ICEV (Case: FCEV160)310

and are expected to be the same as for ICEV in the311

future (Case: FCEV100). The cost factors hydrogen312

tank, fuel cell and battery are included in the purchase313

price of the FCEV in addition to the chassis costs.314

Specific costs for compressed gas tank, fuel cell and315

battery are assumed to be 36.68€/kWh, 205€/kW and316

600€/kWh [35, 48]. Table 2 shows the cost structure 317

for all cases. 318

The lifetime of the fuel cell is critical for trucks, be- 319

cause they are exposed to a longer daily operation 320

compared to passenger cars. Since in jsprit every vehi- 321

cle is assigned to a specific driver and the drivers are 322

only allowed to work 8h per day according to german 323

law, 8h is the longest possible FC operating time per 324

day. Assuming 250 working days per year and a vehi- 325

cle lifetime of 11 years, a maximum fuel cell lifetime 326

of 22,000h is required. The assumption of 25,000h is 327

therefore sufficient [9]. The wage costs for the drivers 328

are covered by [41]. 329

3.2.2 Infrastructure and Hydrogen Prices 330

This study is based on the assumption that the infras- 331

tructure to provide hydrogen is available. This con- 332

tradicts the present situation described in the intro- 333

duction with 6 capable gas stations, but is a manda- 334

tory prerequisite for a complete conversion to FCEV. 335

It is assumed that FCEVs start their delivery routes 336
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Table 1 Vehicle Specifications of FCEV Classes

FCEV class 7.5 tons 18 tons 26 tons 40 tons

Comparable models Fuso Vision F-Cell - ASKO Scania FCT Nikola Motors Tre

range [km] 300 500 500 800

energy consumption [kWh/100km] 111 193 275 333

system power [kW] 210 305 370 440

fuel cell power [kW] 75 80 90 120

battery power [kW] 135 225 280 320

hydrogen fuel [kg] 10 29 33 80

battery capacity [kWh] 40 50 56 70

Figure 2 Calculated Driving Distances of FCEVs

Table 2 Cost Parameters for Vehicle Types

Vehicle type Cost type Base: ICEV BEV 160 BEV 100 FCEV 160 FCEV 100

7.5 tons

fixed [€/day] 63.49 81.04 74.76 80.91 74.63

variable per distance [€/km] 0.4 0.51 0.46 0.81 0.56

variable per time [€/h] 17.64 17.64 17.64 17.64 17.64

18 tons

fixed [€/day] 80.47 107.43 96.26 109.29 98.13

variable per distance [€/km] 0.65 0.61 0.55 1.15 0.74

variable per time [€/h] 17.64 17.64 17.64 17.64 17.64

26 tons

fixed [€/day] 82.6 132.14 119.6 114.96 102.41

variable per distance [€/km] 0.67 0.76 0.72 1.46 0.92

variable per time [€/h] 17.64 17.64 17.64 17.64 17.64

40 tons

fixed [€/day] 126.58 192.8 183.93 170.94 162.07

variable per distance [€/km] 0.69 0.8 0.78 1.67 1.04

variable per time [€/h] 20.124 20.124 20.124 20.124 20.124
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with a full tank. Refueling times are considered negli-337

gible compared to necessary loading times at the de-338

pots. Accruing infrastructure costs are not examined339

in detail within the scope of this study, but are inte-340

grated in the assumptions of hydrogen prices. For the341

FCEV160 case, which assumes the current state of the342

art and current prices, a hydrogen price of 13.23€/kg343

is assumed. This results from the case "0.1 million344

FCEV" from [5] where the hydrogen is transported345

by trucks. This study assumes a hydrogen production346

mix of about 50% by-products of the chemical indus-347

try and 50% natural gas reformation according to [5].348

For the future FCEV100 case the hydrogen price is set349

to 7.13€/kg. This price results from the scenario "20350

million FCEV" from [5], in which pipelines and trucks351

transport the hydrogen. The hydrogen is produced ex-352

clusively by electrolysis using renewable energies.353

3.3 Well-To-Tank Parameters354

For the base case and the two BEV cases the values355

from [35] were updated. For the FCEV cases different356

production mixes are assumed for today and the fu-357

ture. All emission factors can be seen in table 3. In358

Germany, a mixture of diesel with a maximum of 7%359

biodiesel is permitted according to DIN EN 590 [49].360

The energy and emission factors of this diesel mix are361

taken from DIN EN 16258 [44]. The German electric-362

ity mix in ecoinvent is updated per share of production363

according to [50] for 2019 and expanded to include the364

production process using photovoltaics (see figure 3).365

The flows in ecoinvent are scaled proportionately or366

supplemented by individual flows from the database.367

In addition, a future energy mix (Electricity (future))368

of 50% wind and 50% solar energy is defined as in [51].369

The processes of electricity generation in Germany are370

accordingly adopted from ecoinvent.371

The WTT consideration for hydrogen is divided into372

two cases: Gaseous Hydrogen (current) and Gaseous373

Hydrogen (future). The current case consists of the374

production methods according to the current status as 375

shown in [12] as follows: 46.15% steam reforming from 376

natural gas; 19.23% gasoline reforming; 27.69% ethy- 377

lene production, 6.92% chlor-alkali electrolysis (see fig- 378

ure 4). The process for steam reforming from natural 379

gas is taken from the JRC study and included in our 380

calculations [43]. In this case it is assumed that a cen- 381

tral upscaled reformer is used, natural gas is trans- 382

ported by pipeline to Europe, compressed and dis- 383

tributed to the retail market [43]. The other manu- 384

facturing processes for the German site are taken from 385

ecoinvent 3.6. Cutoff Unit. 386

As a sensitivity analysis, a second case is calculated 387

for today’s hydrogen, which assumes that the hydrogen 388

is produced entirely by high temperature electrolysis 389

using today’s electricity. This also serves for a bet- 390

ter comparison with the current BEV scenario. For 391

the efficiency of the high temperature electrolysis , a 392

range between 65% and 85% is specified according to 393

[52]. For simplification, the costs for this path are not 394

changed compared to today’s market price. This is not 395

unrealistic (although somewhat low), but no real-world 396

values are available, since high temperature electroly- 397

sis does not yet play a role in commercial hydrogen 398

production. 399

The potential to produce large amounts of hydrogen 400

from renewable energy sources in Germany is limited 401

due to the space needed to build wind turbines or solar 402

parks. One possible solution is PtG, which are ideal 403

at locations with adequate available space and wind 404

or sunshine [3]. The renewable electricity is directly 405

usable in electrolysers to produce hydrogen. The fu- 406

ture case consists of 50% electrolysis with wind power 407

and 50% electrolysis with solar power (see Figure 4). 408

The electricity generated by offshore wind turbines is 409

used to produce hydrogen which is then distributed 410

by pipelines to the filling stations. For generating elec- 411

tricity from offshore wind turbines the process from 412
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Figure 3 Electricity Mix of Germany for 2019 [50]

Figure 4 Composition of current Gaseous Hydrogen (FCEV160) and future Gaseous Hydrogen (FCEV100) Production

ecoinvent is used. Subsequent processes such as elec-413

trolysis, power distribution and compression on the re-414

tail side are taken from [40] and included in our cal-415

culations. The energy required for these processes re- 416

sults from the future energy-mix (Electricity (future)). 417

As regions like North Africa have sunny days almost 418
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all year round, there is a high potential for power-to-419

gas plants. The electricity generated by photovoltaic420

systems can then be used directly to produce hydro-421

gen. In this study it is assumed that 50% of future422

hydrogen will be produced in this way. Therefore, the423

power generation process from ecoinvent and the in-424

termediate steps from [40] are used. According to [48]425

it is possible that, in addition to natural gas pipelines426

that have already been laid from North Africa to Eu-427

rope, hydrogen pipelines could be added to the existing428

pipelines. It is assumed that the hydrogen will then be429

transported to Germany via a 4000km long pipeline.430

4 Results431

The results of the simulations are divided into TCO,432

WTW emissions and primary energy consumption of433

the fleets. The fleet composition which results from434

solving the VRP for the different cases can be seen435

in Figure 5. It is noticeable that the 26 tons trucks436

make up the largest share of all truck classes with 73 -437

79%. It should also be mentioned that the BEV cases438

require between 1.5 - 3% less vehicles than the ICEV439

and FCEV cases.440

Figure 6 shows the resulting driving times and dis-441

tances of the entire truck fleet for all cases. In compar-442

ison to the ICEV case, both BEV cases have 1.5 - 1.9%443

longer travel times and 1.6 - 2.7% additional distances444

for the entire truck fleet.445

The total costs of the fleet of all carriers per day and446

per technology are divided into fixed, time and dis-447

tance variable costs (see Figure 7). The daily costs of448

the entire ICEV fleet of all carriers amount to 66,997449

€/day consisting of fixed costs (24,204 €/day), time450

variable (18,593 €/day) and distance variable (24,200451

€/day) costs. The total costs for the BEV cases are452

82,751€/day (BEV160) and 78,318€/day (BEV100),453

which translates into an increase of 23.5% and 16.9%454

compared to the ICEV case. This is mainly driven455

by the fixed costs for BEVs, which are 38 to 49%456

higher than those for ICEV because of the high bat- 457

tery price. These also influence the distance variable 458

cost. Since procurement costs are depreciated half by 459

time and half by distance, the high system prices re- 460

sult in a slight increase of 1.6% and 2.7% compared to 461

the base case despite the high efficiency of the power- 462

train. Also, the time variable costs for both BEV cases 463

are slightly higher at 2% due to the slight increase in 464

total travel time. The total daily costs of the FCEV 465

cases are 105,336 €/day (FCEV160) and 82,271€/day 466

(FCEV100) which amounts to an increase of 56.6% 467

and 22.3% compared to the base case. The distance 468

variable costs are the largest part with 53,111 €/day 469

(FCEV160) and 33,369€/day (FCEV100). They are 470

119% and 38% higher compared to the ICEV case. 471

This results mainly from the high hydrogen prices. In 472

addition, the fixed costs for FCEV of 33,375 €/day 473

(FCEV160) and 30,052 €/day (FCEV100) result in an 474

increase of 25% and 38% compared to the base case. 475

Figure 7 shows the absolute costs for all considered 476

cases. 477

Figure 8 shows the WTW CO2 equivalent emis- 478

sions per year of the entire fleet for all cases. As 479

mentioned before, a distinction is made between elec- 480

tricity produced according to the current produc- 481

tion process and electricity from 100% renewable en- 482

ergy sources. Hydrogen according to the current pro- 483

duction mix, electrolysis using the current electricity 484

mix and produced using 100% renewable energies is 485

considered. The GHG emissions for the ICEV case 486

amount to 9,572tCO2eq/a. 7,151tCO2eq/a result for 487

the BEV case with the current German electricity mix, 488

(BEV160). This is a 25% reduction of GHG emissions 489

compared to the ICEV case. Considering a future elec- 490

tricity mix of 100% renewable electricity, the GHG 491

emissions drop to 774 tCO2eq/a (BEV100). Compared 492

to the base case, this is a reduction of 92%. The WTW 493

emissions of the FCEV fleet with a current hydro- 494
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Table 3 Well-to-Tank Energy and Emissions Factors

Energy carrier Well-to-Tank

Energy Factor Emissions Factor

[kWh/kWhEnergyCarrier] [kg CO2eq/kWhlEnergyCarrier]

Diesel 1.25 0.318

Electricity (current) 2.45 0.522

Electricity (future) 1.30 0.057

Gaseous Hydrogen (current) 1.64 0.258

Gaseous Hydrogen sensitivity (current electricity, η = 85%) 2.88 0.61

Gaseous Hydrogen (future) 2.42 0.103

Figure 5 Resulting Fleet Composition

gen mix are 6,442 t CO2eq/a. This corresponds to495

a 33% reduction in GHG emissions compared to the496

ICEV case. However, the sensitivity analysis results497

in 15.338tCO2eq/a (85% electrolysis efficiency) for hy-498

drogen from the current electricity mix, which is a 60%499

increase in emissions compared to the ICEV case. If the500

FCEV fleet is operated with a 100% renewable hydro-501

gen mix (FCEV100), the result is 2,580tCO2eq/a. This502

represents a 73% reduction in emissions compared to503

the ICEV case.504

Figure 9 shows the primary energy demand per year505

for all cases. All primary energy factors used are shown506

in Table 3. The primary energy demand for the ICEV 507

case with 37,680 MWh/a is the basis for comparison. 508

The primary energy demand for the BEV case with the 509

current electricity mix is 33,562 MWh/a (BEV160). 510

Compared to the ICEV case, this is about 11% less pri- 511

mary energy. With an electricity mix of 100% renew- 512

able electricity, 17,715 MWh/a (BEV100) is required. 513

This corresponds to a 53% reduction in primary energy 514

demand. Considering the entire FCEV fleet, the pri- 515

mary energy requirement is 40,960 MWh/a with the 516

current hydrogen mix, 71,989 MWh/a for the hydrogen 517

produced using the current electricity mix and 60,441 518
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Figure 6 Total Time and Distance Travelled per Fleet Consisting of all Carriers

Figure 7 Total Cost of Ownership for the Considered Cases

MWh/a with the hydrogen mix from renewable ener-519

gies. As a result, the FCEV160 case requires 9% more520

primary energy with the current hydrogen mix com-521

pared to the base case while in the FCEV100 case 522

60% more primary energy is needed. The sensitivity 523
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Figure 8 WTW CO2 Emissions of entire Fleet with various Energy Sources

case shows an increase by more than 90% compared to524

the ICEV base case.525

5 Discussion526

5.1 Validation of the Parameters527

5.1.1 TCO528

The investment costs are crucial for the fixed costs.529

Gnann et al. [7] present with 696,070€ investment530

costs for a heavy-duty semi trailer higher values for531

FCEVs than this work (40 tons FCEV: 274,004€532

(FCEV160) and 232,904€ (FCEV100)). Daneberg533

[26], however, calculates investment costs of only534

179,996€ (2020) and 126,597€ (2030) for heavy-duty535

semi trailer tractors (converted at an average ex-536

change rate in 2018: 9.6073NOK = 1€ [49]). After537

all, these values are all based on individual assump-538

tions, e.g. for fuel cells, tank, battery or glider costs539

and should therefore be viewed critically. Actual in-540

vestment costs will be available after the launch of541

series production of FCEVs. Since fuel consumption542

for trucks accounts for a large proportion of operat-543

ing costs, it is important for cost considerations. The 544

fuel consumption for 3.5 - 7.5t heavy FCEVs of 94 - 545

109kWh/100km, for >12t FCEVs 129-201kWh/100km 546

and for semi trailer tractors 225 - 262kWh/100km from 547

[7] are similar to the assumptions in this study (see 548

Table 1). Gnann et al. [7] calculate TCO for FCEV 549

<12t for 2030 of 30,000€/a at a driving performance 550

of 35,000km/a, whereby no wage costs are included. 551

They assume hydrogen prices from [28], which take 552

into account production costs and distribution costs. 553

For similar mileage, however, this study calculates 554

42,618€/a for 7.5t FCEV (FCEV100). This includes 555

9,232€/a wage costs. The annual TCO for 2020 in 556

[27] for Drayage Trucks (equivalent to 26 tons truck 557

class) ranges from 44,670€/a to 51,817€/a and for 558

2030 from 31,269€/a to 34,843€/a. The costs for 559

fossil hydrogen are 4.57€/kg and 3.73€/kg in 2020 560

and 2030 respectively and 8.27€/kg and 6.15€/kg 561

for regenerative hydrogen. In this study the costs are 562

89,753€/a (FCEV160) and 70,652 €/a (FCEV100) for 563
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Figure 9 Primary Energy Demand of Entire Fleets with Various Energy Sources

26 tons FCEV. However, to accurately model the ef-564

fects of more or less tours, this study includes labour565

costs, which leads to cost differences. Additionally,566

the assumed hydrogen prices of 13.23 €/kg and 7.13567

€/kg contribute to the difference. Besides the differ-568

ent hydrogen prices, a lower consumption of 152.28569

kWh/100km for Drayage Trucks in [27] leads to lower570

operating costs. The assumed hydrogen price in this571

study includes production costs and investment costs572

for filling stations, transport and distribution for hy-573

drogen as fuel. Hall and Lutsey [27] give no reference574

or explanation for the assumption of hydrogen costs.575

The infrastructure costs are given separately.576

5.1.2 WTW - GHG Emissions577

Gnann et al. [7] assume GHG emissions (WTW) of578

0.324kgCO2eq/kWh for diesel. In this study diesel579

with 7% biodiesel content is assumed which results580

in 0.318kgCO2eq/kWh [41]. In [18], the Italian elec-581

tricity mix with 0.410kgCO2eq/kWh and a fully re-582

newable electricity mix with 0kgCO2eq/kWh are as-583

sumed. Gnann et al. [7] assume 0.202kgCO2eq/kWh 584

for 2030. In this study, however, the actual electric- 585

ity mix from 2019 in Germany is used which re- 586

sults in 0.522kgCO2eq/kWh. In renewable electric- 587

ity production emissions occur i.a. due to the con- 588

struction of the respective plants. Therefore we con- 589

sider 0.057kgCO2eq/kWh for the electricity from 590

100% renewable sources. Gnann et al. [7] assume 591

0.306kgCO2eq/kWh (WTW) for hydrogen with pro- 592

duction by electrolysis and an average electricity mix 593

for 2030. Lombardi et al. [18] assume three hydro- 594

gen paths: Hydrogen production with coal gasifica- 595

tion combined with CO2 sequestration, steam reform- 596

ing of natural gas and electrolysis with 100% renew- 597

able energies. This results in 0.200 kgCO2eq/kWh, 598

0.407kgCO2eq/kWh and 0kgCO2eq/kWh respectively. 599

In this study, however, the current hydrogen mix con- 600

sists of approx. 50% by-products and 50% steam re- 601

forming. This results in 0.258kgCO2eq/kWh. Yaz- 602

danie et al. show 0.076 and 0.144kgCO2eq/kWh for 603
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hydrogen production with electrolysers and electric-604

ity from photovoltaic plants and wind [17]. This is605

0.110kgCO2eq/kWh with a mix of 50% wind and 50%606

solar energy, which is comparable to this study with607

0.103kgCO2eq/kWh. However, in [17] no emissions due608

to transport and distribution were considered.609

5.1.3 WTW - Primary Energy Demand610

In this study, the energy requirement for diesel, at611

1.25 kWh/kWhEnergyCarrier, is 3% higher than in612

[18], which can be explained by the 7% biodiesel con-613

tent, that requires more primary energy than conven-614

tional diesel. According to [18], the energy requirement615

for the Italian electricity mix is 2.86 kWh/kWhEl,616

which is 16% higher than the German electricity mix617

for 2019. This is due to the fact that Germany has618

been able to increase its share of renewable electric-619

ity to 40%. In this study the primary energy require-620

ment for renewable electricity is 1.30kWh/kWhEl (see621

Table 3), which is 10% higher than in [18] where622

100% efficiency and only losses due to electricity dis-623

tribution are considered for renewable electricity gen-624

eration. According to Lombardi et al. [18], the en-625

ergy demand for fossil hydrogen is between 2.18 -626

2.76kWh/kWhH2. In this study, however, an energy627

requirement of 1.64kWh/kWhH2 is considered. The628

lower energy demand is due to the fact that more than629

50% of the hydrogen is produced as a by-product. In630

the sensitivity case the primary energy factor is with631

a value of 2.88kWh/kWhH2 even higher than the one632

presented in lombardi et al.. If renewable electricity is633

used to produce hydrogen, the primary energy require-634

ment increases to 2.55 kWh/kWhH2 in [18]. In [17],635

hydrogen production with electrolyzers and electricity636

from photovoltaic systems and wind requires 1.8 - 2.6637

and 1.5 - 2.1 kWh/kWhH2. The energy demand for638

hydrogen from renewable energies in this study is with639

2.42 kWh/kWhH2 in a realistic range, since the energy640

demand for transport and distribution was considered 641

additionally. 642

5.2 Evaluation of Results 643

When considering BEV or FCEV for the total decar- 644

bonization of food supply in urban traffic the former 645

is to be prefered. From a cost point of view, FCEVs 646

have higher operating costs due to the price of hydro- 647

gen and similarly high investment costs. The advan- 648

tage of a diesel-equivalent range and refueling time of 649

FCEV is decisive for the decision of the preferred tech- 650

nology, if refueling is necessary to complete the deliv- 651

ery route. However, in the use case at hand the BEVs 652

can reach 56% of all destinations without intermediate 653

charging and 90% with one-time intermediate charg- 654

ing [35]. With additional public fast charging stations 655

in the operation area, all tours can be performed with 656

BEV [6]. 657

With regards to WTW emissions, FCEV have a 658

small advantage over BEV when considering current 659

electricity and hydrogen mixes. However, this hydro- 660

gen mix cannot be scaled arbitrarily, since about half 661

of the hydrogen is a by-product from chemical pro- 662

cesses, which in all likelihood will not be expanded 663

by an increased demand for hydrogen. Since all of the 664

hydrogen produced today is already absorbed by the 665

market (especially the chemical industry), it can be 666

expected that an increase in consumption by FCEV 667

in the transportation sector would require new gen- 668

eration pathways. Therefore, we have performed the 669

sensitivity analysis where the hydrogen is generated 670

from current electricity. This leads to a high increase 671

in WTW emissions even compared to ICEV. The ef- 672

fect would be similar for hydrogen produced entirely 673

from fossil resources. It is therefore obvious that a pos- 674

itive effect in terms of WTW emissions can only be 675

achieved by hydrogen from renewable sources, as the 676

case FCEV100 shows. However, the achievable savings 677
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from directly using the renewable electricity in BEV678

are significantly higher as shown in the case BEV100.679

In this study, the investigation of GHG emissions is680

only related to the energy consumption of the fleets.681

Thus, the environmental impacts of production, end of682

life, infrastructure and maintenance are out of scope.683

For a complete evaluation of the environmental im-684

pacts per vehicle fleet, a complete life cycle assess-685

ment Life Cycle Assessment (LCA) would be neces-686

sary. However, since commercial vehicles have a sub-687

stantial higher lifetime mileage than passenger cars,688

the production and recycling emissions account for a689

smaller proportion of the complete life cycle emissions.690

In terms of energy consumption, the FCEV160 case is691

competitive with the ICEV case. However, the primary692

energy demand of BEV is preferable in all cases for693

the truck fleet of urban freight transport, since with694

both, the current electricity mix of Germany and the695

renewable electricity mix BEV have a smaller primary696

energy demand than FCEV and ICEV.697

6 Conclusion and Outlook698

This study examines battery electric and fuel cell elec-699

tric drive technologies with the objective to investigate700

their decarbonization effects on urban freight trans-701

port. ICEVs operated with diesel provided the base702

case. The food retailing in Berlin serves as a use case.703

Considering today’s technology and fuel prices, a tran-704

sition from ICEVs to BEVs would increase costs by705

23%. A change to FCEV has more than twice the in-706

crease with 57%. In the considered future cases with707

lower fuel and technology prices BEVs are 17% higher708

compared to the base case. The transition to FCEVs709

is with 22% higher costs compared to the base case,710

still more expensive than BEV but the difference is711

smaller. When the transition to locally emission free712

trucks is considered today and today’s electricity and713

hydrogen mixes should be used, FCEVs hold the po-714

tential to reduce GHG emissions by 33%. This way,715

they outperform BEV, which would only achieve a re- 716

duction of 25% compared to the base case. However, 717

as previously shown, this effect cannot be scaled up, 718

since these savings are based on the fact that a large 719

part of the hydrogen is a by-product. As soon as more 720

hydrogen has to be produced from today’s electricity 721

or fossil fuels, the advantage of the technology becomes 722

smaller and at some point turns into a disadvantage. 723

When more renewable energy is taken into account, 724

the superiority of BEV is indisputable. If 100% renew- 725

ables are considered, the savings potential of BEVs 726

is with 92% significantly higher than that of FCEVs 727

with 73%. The analysis of the primary energy demand 728

shows that with Germany’s electricity mix of 2019 729

11% less primary energy would be used when deploy- 730

ing BEVs. For the exclusive use of renewables, this 731

value rises to 53%. FCEVs on the other hand cause 732

a 9% increase in primary energy demand today and 733

60% more with renewable hydrogen. The range ad- 734

vantage of FCEVs shows to have no importance due to 735

short delivery routes in this urban use case. To make 736

FCEVs more competitive, the price of hydrogen has 737

to decrease, which may result from economies of scale 738

when demand for hydrogen rises. In further studies on 739

the decarbonization of urban freight traffic, a mixed 740

fleet composition of BEVs and FCEVs should be con- 741

sidered. The BEVs’ batteries could be designed for 742

short delivery routes, which would result in lower costs 743

due to a smaller battery size. FCEVs can be used to 744

cover the long delivery distances. Prospective research 745

should also investigate FC and BE trucks for rural 746

freight transport. Here, the range advantage of FCEVs 747

could be the game changer for the decarbonization of 748

freight transport. The option of producing hydrogen 749

using PtG plants with surplus regenerative electric- 750

ity for FCEVs makes sense from an energy utilization 751

point of view. Depending on the configuration and pur- 752

pose of the PtG plant, the produced hydrogen can 753
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be converted into electricity or transported to filling754

stations. With regard to primary energy demand, the755

question arises as to which of the WTW paths is most756

efficient for BEVs or for FCEVs. This issue may be757

the subject of further studies. To better assess the en-758

vironmental impact of the two technologies, it would759

be interesting to conduct a full LCA that considers the760

production, operation and disposal of the vehicle fleets761

in addition to the WTW emissions. The result of this762

study is that FCEVs can outperform BEVs in terms763

of GHG emissions when considering today’s hydrogen764

production and a very small fleet of FCEVs. But in765

all other considered categories and most importantly766

when assuming increasing shares of renewable energy,767

BEVs are the preferred technology choice for urban768

freight transport. According to our results BEVs are769

cheaper in total operation cost, reduce the primary en-770

ergy demand and with rising shares of renewable ener-771

gies in the grid, they have a higher potential to lower772

GHG emissions compared to FCEV.773
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