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ICEV count erpart s. With regard to t he net benefits of swit ching t o a BEV in different vehicle

segment s, t he ranking of t he count ries is slight ly different , because t ax designs in different

countries favour BEVs in different vehicle segments.

l s
Italy Austria Hungary Portugal Germany

ci rc ulation tax change
- Energy price change

Norway France UK Austria Italy Portugal Hungary Germany

- Registra!iontax change - Circulationtax change
En e rgy tax change En ergy poncechange

Maintenance cost change

(a) Mit subishi i-MiEV/(mini ) (b) Nissan Leaf ( compact)

(c) BMW i3 (midsize) ( d) T esla (sports)

Figur e 2.2: Benefits of switching from an ICEV to a BEV by car model.

Cross-driver comparison

T he net benefits of swit ching t o a BEV vary wit h drivers who t ravel different dist ances annually.

Table 2.2 presents t he requirements of annual dist ance t ravelled t o achieve breakeven condit ions

in which t he t ot al ownership cost s of BEVs and ICEVs ar e equal. Drivers with higher annual

dist ance t ravelled are more likely t o buy BEVs, because more energy costs will be saved by

switching from an ICEV t o a BEV. In addit ion , t ravelling longer dist ances means lower pur chase

cost of a BEV per kilomet re. In Norway, France, and the UK, where huge t ax incent ives are

provided , drivers can benefit from switching to BEVs within a normal range of annual dist ance

t ravelled . Ot her count ries require drivers t o have an ext remely high annual dist ance t ravelled

in order t o benefit from driving BEVs. However , owing t o t echnical limit at ions, BEVs are not

able t o fulfil t he necessary annual dist ance t ravelled sufficient ly. In fact , t his conflict leads t o

low sales of BEVs.
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development of new vehicle/ bat t ery t echnology t hat already receives st rong financial support .  It

might be more efficient t o provide incent ives for the development of vehicle/ bat t ery t echnologies

t han for pur chase behaviour . Not ably, we do not discour age policy support for swit ching t o

BEVs.  It  is import ant t o point out t hat key prerequisit es for the success of BEV adopt ion

are t he availability of clean elect ricity and t he significant reduct ion of BEV product ion cost s.

Fur t hermore, futur e research on the deployment of new vehicle t echnology ( e.g. BEVs) needs t o

t ake int o account local incent ives ( e.g. regional dist ribut ions of charging st at ions, commut ing

rout es, access t o bus lane, and free parking for elect ric vehicles) in order t o bet t er assess t heir

specific merit s relat ive t o alt ernat ive vehicle opt ions ( e.g. ICEVs).
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Appendix A

Table 2.5: Summary st at ist ics.

Variable Observat ion M ean Std . D ev . M in M ax

B EV sales number 746 128.2386 513.4582 0 5970

B EV sales share 746 0.000463 0.002614 0 0.033155

Incent ive (5% discount rat e) 746 3811.982 10373.92 0 128947.7

Incent ive (10% discount rate) 746 3699.247 10278.77 0 127761.5

Vehicle regist rat ion tax 746 3128.461 9886.945 0 121963.5

A nnual circulat ion tax 746 84.10644 190.4441 0 1899

Fu el saving 746 6319.933 3598.464 2091.94 19438.61
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t he marginal emissions of a biofuel ( e.g. emissions from the last unit of biofuel produced from

t he last unit of corn) for evaluat ion of emission savings.

Fur t hermore, t he biofuel sect or is closely connect ed t o other economic sect ors. T here is a close

economic linkage between t he input s of corn et hanol (e.g. natur al gas) t hrough commodity

market s and government policies (Tyner et al. , 2012; Babcock, 2013). P rice changes in t he oil

market have a direct impact on the demand for ethanol and t he price of gasoline t hrough energy

market s (Tyner and Taheripour , 2007; Serra et al., 2011) , which influences t he use of input s for

et hanol product ion ( corn and fert ilizers) and t here by G H G emissions. Cur rent biofuel policies

(e.g. t ax for fossil fuels and t ax credit s for biofuels) change the economic incent ives of economic

agent s t o choose t heir energy product s, which have impacts on GHG emissions.

The aim of the research present ed in t his chapt er is t o develop a modelling framework for evalu-

at ing t he impact of t he economics of nit rogen fert ilizer use on GHG emissions, based on average

and marginal GHG emissions, considering the int eract ions of energy and agricult ur al market s.

The model is applied t o t he case of corn et hanol product ion in the US, and it par t icular ly

concerns the impact s of oil price development s and et hanol policies, especially t he Volumet ric

Ethanol Excise Tax Credit (VEET C), on average and marginal GHG emissions. The novelty

of t his research is that we are able t o calculat e both average and marginal GHG emissions of

biofuels, which can be compared t o those of fossil fuels, and provide useful insight s on t he actual

emission savings of biofuels.

The rest of t his chapt er is st ructur ed as follows. Sect ion 3.2 present s an analyt ical framework

for calculat ing t he average and marginal GHG emissions of corn ethanol, t aking int o account

energy and agricultur al market int eract ions. The framework consist s of an economic model t hat

links the oil price t o the prices of gasoline, corn ethanol, and corn, t he price of fert ilizers used for

t he product ion of corn, and t he price of natur al gas for the product ion of corn et hanol. GHG

emissions from corn product ion depend , among others, on the applicat ion rat e of fert ilizers.

An economically maximized rat e was recommended in t he Corn Belt in t he US (Sawyer et al. ,

2006). Therefore, we det ermine t he economically opt imal nit rogen applicat ion rat e based on

profit maximizat ion . To calculat e the average and marginal emissions of corn ethanol, t he

economic model is combined with the dat a on t he GHG balance of corn et hanol from t he

Greenhouse Gases, Regulat ed Emissions, and Energy Use in Transport at ion (GRE ET ) life
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output s in t his st age influences t he nit rogen applicat ion rat e, which definit ely impact s t he GHG

emissions from corn cult ivat ion . In the st age of ethanol product ion , in which corn is convert ed

t o et hanol, natur al gas is t he second import ant input aft er corn. Therefore, any exogenous

forces which influence the price of nat ur al gas and t hus, the cost of product ion of corn ( e.g. a

change in oil price) impact t he price of et hanol. This has a feedback effect on corn product ion

and fert ilizer use in t he first st age, and t hereby result s in changes in GHG emissions. In t he

st age of blending with gasoline, exogenous changes ( e.g. oil price changes) have implicat ions for

t he price of gasoline and ethanol through t he energy market . This again has a feedback effect

on t he product ion of corn as well as fert ilizer use, and influences final GHG emissions. Below,

we present t he quant it at ive relat ionships t hat describe t he opt imal applicat ion rat e of nit rogen

and t he market int eract ions of input s and out put s, which finally det ermine t he GHG emissions

of corn et hanol.
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changes

Corn-ethanol production chain

Fertilizers Corn cul t iva t ion GHG emissions

ransport of dry ·IGHG emi s sions
Fuel com

Natural gas GHG emissions
Corn-ethano l
conversion

Transport of GHG emi ssions
Fuel ethanol

Ethanol blending OHO emissions
Gasoline (distrib utio n)

Biofuel
po licy

Ethanol
produel

-------------------·

Figure 3.1: The analyt ical framework for calculat ing GHG emissions from corn ethanol produc-
t ion .

3 .2 .1 Economi c analy sis

In this subsect ion , we elaborate in a mathemat ical model the opt imal applicat ion rat e of nit rogen

fert ilizer in corn cult ivat ion , t he price relat ionship of input s and output s in et hanol product ion ,

and the price relat ionship between et hanol and gasoline under biofuel policies. The opt imal

applicat ion rate of nit rogen fert ilizers is det ermined by the profit maximizat ion of corn farmers,

t aking int o account t he yield response t o the nit rogen input . The price relat ionship of corn,

natur al gas as an input , and et hanol as an output in ethanol product ion is determined by

t he equilibrium condit ion in which no posit ive profit of ethanol product ion is earned under

const ant-ret urn-to-scale t echnology. As for t he price relat ionship of et hanol and gasoline, energy
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implement at ion of VEET C.

The use of biofuels leads t o fundament al changes in t he economic linkages between energy and

agricultur al market s. The economics of fert ilizer is especially import ant for the GHG emission-

saving potent ial of biofuels. For example, the product ion and use of nit rogen fert ilizers account s

for one-third or more of the GHG emissions of corn et hanol product ion in t he US. Thus, changes

in fert ilizer use can have a large impact on t he G HG-saving potent ial of corn et hanol. Therefore,

we apply t he modelling framework developed t o evaluat e the impact of the correlat ion between

oil market s and the market s for et hanol and corn in t he US on nit rogen fert ilizer use and on

t he GHG emissions of corn et hanol.

The result s show t hat a higher oil price result s in higher gasoline, et hanol, and corn prices.

The profit-maximizing behaviour of farmers result s in an increase in t he use of fert ilizers t o

increase the product ion of corn. The effect is t hat the average GHG emissions per unit of corn

et hanol remain fairly const ant , but t hat t he marginal emissions increase somewhat (5%), mainly

as a result of decreasing marginal yield with respect t o fert ilizer use. The conclusion is t hat

although higher corn yields result in higher GHG emissions, increasing corn ethanol product ion

for fuel reduces GHG emissions on average compared t o t he alt ernat ive of increasing gasoline

product ion .

It should be not ed that our analysis is based on an economically opt imal applicat ion rat e of

fert ilizers. In reality, risk-averse farmers might overuse fert ilizers owing t o lack of knowledge

about decreasing marginal yields with respect t o nit rogen fert ilizers. Thus, our calculat ion

based on economically opt imal applicat ion rat es might underest imat e real emissions. Next , we

do not include t he other indirect effect s of ethanol product ion , such as land-use change. Hence,

our numerical result s on the marginal emissions reflect only the lower bound of real emissions

relat ed t o t he last unit of ethanol product ion . Fur t hermore, t he use of a linear relat ionship

for t he market int eract ions of energy and agricultur al products based on historical dat a before

2007, without considering the recent development of shale gas, might lead t o overest imat ion

of the economic response of higher oil prices. The object ive of t he exercise present ed in t his

chapt er is not t o produce a t horough calculat ion of GHG emissions of corn et hanol product ion

in t he US, which requires est imat ing the actual applicat ion rat es in different regions. Rat her ,

t he modelling framework present ed in t his chapt er aims t o illust rat e how different effect s can be
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t aken int o account when calculat ing emissions. The novelty is t hat the diminishing product ivity

of corn with respect t o nit rogen fert ilizers can have profound impact s on t he marginal emissions

of biofuels. The result s show that the marginal emissions of corn ethanol product ion in t he

US can be subst ant ially higher than average emissions, thereby quest ioning t he efficiency and

effect iveness of biofuel policies t o reduce GHG emissions.

An import ant limit at ion of t he modelling framework applied in this study is t hat it represent s

only short -t erm economic correlat ions. Our numerical example t akes t he relat ionship between

oil price and natur al gas based on historical dat a before 2007. Therefore, we should be aware

t hat t he huge increase in shale gas supplies in recent year s might have changed t his quant it at ive

relat ionship . Increasing t he use of fert ilizers is, in the short t erm, a logical and simple way t o

increase yields and t o opt imize economic ret urns in response t o higher corn prices. In the long

run , higher corn prices might induce higher corn yields t hrough t echnological changes, such as

t he development and use of improved seeds and the increased use of irrigat ion and agricultur al

machinery. In that case, t he increase in GHG emissions will be reduced owing t o t he use of

improved corn product ion t echnologies and higher corn yields.

Another limit at ion of t he research is t hat the numerical example for applying the modelling

framework does not include other indirect effect s, although t he market int eract ions of input s

and output s are considered . However , we can calculat e the marginal emissions of corn et hanol,

which provides useful insight s for environment al management . Economic inst rument s, such as

emission t ax , are based on marginal emissions in order t o det ermine the opt imal product ion

level. Therefore, ident ifying marginal emissions creat es t he basis for policy int ervent ion .

Moreover , the prices of oil, nat ur al gas, and agricultur al commodit ies (including corn) have

fluctuat ed subst ant ially dur ing t he t imeframe of this study. This means that t he empirically

observed correlat ions and paramet er values considered in this study are par t ially uncert ain .

More det ailed analyses t hat consider longer t imeframes are needed t o improve t he accur acy of

t he paramet ers used in our modelling framework. Fur t her research is also encour aged t o model

t he economic int eract ions between oil, ethanol, and corn market s in more det ail. Therefore, t his

study should be regarded as a first -order assessment t hat , despit e it s uncert aint ies, clear ly shows

t he potent ial impact of the economic correlat ions between energy and agricultur al market s on

t he average and marginal GHG emissions of corn ethanol. To include other indirect effect s of
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GHG emissions from ethanol product ion would be an int erest ing futur e research direct ion .
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Chapter 4

A Framework to Evaluate Policy Options for Supporting

Electric Vehicles in Urban Freight Transport

Seyed Most afa Mirhedayat ian

Department of Business and Management Science, Norwegian School of Economics, N-5045 Bergen, Norway

Shiyu Yan

Department of Business and Management Science, Norwegian School of Economics, N-5045 Bergen, Norway

A bst ract

Elect ric vehicles (EVs) are considered as a feasible alt ernat ive t o gasoline/ diesel vehicles. Few

studies have addressed the impact s of policies for EVs in ur ban freight t ransport . To cast light on

t his t opic, we est ablished a framework combining an opt imizat ion model wit h economic analysis

t o det ermine t he opt imal behavior of an individual delivery service provider company and social

impacts (e.g., ext ernalit ies and welfare) in response t o policies for support ing EVs, such as

pur chase subsidy, limit ed access (zone fee) t o congest ion/ low-emission zones wit h exempt ions for

EVs, and vehicle t axes with exempt ions for EVs. Numerical experiment s showed t hat the zone

fee can increase the company 's t ot al cost s but improve t he social welfare. It great ly reduced t he

ext ernal cost inside t he congest ion/ low-emission zone with a high populat ion , dense pollut ion ,

and heavy t raffic. Although the vehicle t axes and subsidy have almost the same influences on

t he company and society, they perform different ly at low t ax/ subsidy rat es due t o t heir different

effect s on vehicle rout ing plans. Finally, we performed sensit ivity analyses, which shows t hat

local factors at the company and city levels ( e.g., types of vehicle and t ransport network) are

import ant t o designing efficient policies for support ing EVs in t he ur ban freight t ransport .

Keywords: elect ric vehicle, social welfare, congest ion/ low-emission zone, ur ban freight

t ransport , logist ics, het erogeneous vehicle rout ing problem
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4 .2 Literature review

In t his sect ion , we review relevant research on both economic and logist ics research for the use

and evaluat ion of EV policies in the cont ext of ur ban freight t ransport .

Tradit ionally, evaluat ion of t ransport policies in ur ban freight t ransport involves social and

economic issues (Lagorio et al ., 2016). For example, Hosoya et al . (2003), And erson et al.

(2005), Quak and De Kost er (2006), and Holguin-Verasand et al . (2010) performed general

assessment s of policies that affect ur ban freight t ransport . Hosoya et al . (2003) studied Tokyo

and used a sur vey t o evaluat e a number of freight policies: bans on large t rucks, road pricing,

and t he const ruct ion of logist ic cent ers. Anderson et al. (2005) provided an ex ant e assessment

of regulat ion measur es in UK cit ies, including t ime windows and charging. Quak and De Koster

(2006) addressed regulat ions based on t ime windows. They reviewed pract ices in Dut ch cit ies

and assessed possible changes t o cur rent policy. Holguin-Verasand et al. (2010) evaluat ed t he

impacts of policy incent ives for encour aging off-hour deliveries on carriers, receivers and society.

In part icular , t hey used the Discret e Choice Model and the Comprehensive Modal Emissions

Model with  GPS  based dat a t o simulat e t he consumer choice of delivering t ime and changes of

emissions.

However , t his is st ill an evolving field of research because of the great er sensit ivity t o envi-

ronment al issues, new policy measur es, and int roduct ion of new t echnologies. In t he case of

promoting t he pur chase and use of EVs, several types of policies are involved ( e.g., access t o

low-emission zones, exempt ions from vehicle t axes, and pur chase subsidy) . Taefi et al. (2016)

reviewed policy measur es direct ed at emission-free urban road freight t ransport . They assessed

and compared policies against other prospect ive opt ions by mult i-crit eria analysis. In the previ-

ous economic research , evaluat ion of EV-support ing policies mainly focused on ex post analysis

based on empirical dat a and economet ric approaches, such as the consumer choice model (Lee

et al ., 2016; Greene et al ., 2014), t he fixed effect model (Chandra et al ., 2010; Gallagher and

Muehlegger , 2011), and other ordinary least squares models (Sierzchula et al. , 2014; Diamond ,

2009; J enn et al ., 2013; J imenez et al., 2016; Yan and Eskeland, 2016).

From t he perspect ive of logist ics, t he lit eratur e on ur ban freight t ransport does not yet provide

an ample discussion of specific policy measur es t o support EVs in ur ban freight t ransport . The
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main focus is on the use of EVs in t he cont ext of heterogeneous vehicle routing p roblems. Sur vey

papers on heterogeneous vehicle routing p roblems are provided by Hoff et al. (2010); Baldacci

et al. (2008) ;  Koc  et al. (2016) . The heterogeneous vehicle routing p roblem generally considers

a limited or unlimit ed fleet of vehicles with different at t ributes ( e.g., capacity, fixed cost , and

driving range) in order to serve a set of customers with given demand . The object ive is t o decide

t he vehicle fleet composit ion and routes while minimizing t he vehicle rout ing and usage cost s.

J uan et al. (2014) ext ended t he heterogeneous vehicle rout ing problem to consider mult iple

driving ranges for vehicles. The mult iple driving range variant implies that the t ot al dist ance

t raveled by each type of vehicle is limit ed and is not necessarily the same for all vehicles. T his

problem arises in rout ing of EVs (Schneider et al. , 2014; Goeke and Schneider , 2015) and hybrid

elect ric vehicles for which t he driving range is limit ed due to limit ed capacity of bat teries. Sassi

et al. (2014) int roduced a new real-life heterogeneous vehicle rout ing problem where the mixed

fleet consists of ICEVs and het erogeneous EVs with different bat tery capacit ies (i.e., driving

range limit ) and fixed costs. P art ial recharging for EVs at available recharging st at ions dur ing

t rips is allowed , as well as int ermit t ent recharging at t he depot . T he main challenges facing use

of EVs are their limited driving range and considerably long charging t ime. The limit ed driving

range will probably remain t he main obst acle to using EVs in t he medium t erm as long as there

is no global infrast ruct ure for replacing bat t eries or direct power induct ion t o EVs dur ing t heir

t rip .2

Although t he driving range limit of EVs makes t hem less pract ical for use in real life, advant ages

such as free or cheap access to a congest ion zone, provide an incent ive t o use them as an

alt ernat ive fleet . T he zone-dependency aspect of t he problem t hat we discuss in this paper , is

similar t o site dependency in the site-dependent vehicle routing p roblem int roduced by Nag et al.

(1988) . In their problem, different types of vehicles could only visit t heir preassigned customers;

t hat is, no vehicle t raveled from one cust omer to another cust omer unless both customers were

assigned t o t he same type of vehicle. The difference between the site-dependent vehicle routing

p roblem and our problem is t hat , in t he lat t er , the customers are not preassigned to each type

of vehicle. There are two types of customers with regard to t heir geographic locat ion : inside

or out side congest ion/ low- emission zones. ICEVs are charged a zone fee when they cross t he

congest ion/ low- emission zone. Hence, customers of both types can be potent ially visited by

h t t p :/ / www.isoe.de/ english/ proj ect s/ fut urefleet. ht m
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Figure 4.2: Welfare changes corresponding t o changes in the daily t ax rat e.

4.4.3 Sensit iv ity analysis

The results of t he sensit ivity analysis are present ed here. We focus on t he fact that a logist ics

company might have different types of vehicles or operat es in different cit ies. We used t he

scenarios in Sect ion 4.3.1 t o det ermine the results of changes in EV t echnology, t he t ransport

network , vehicle type (i.e., we considered a smaller diesel vehicle) , and customer demand (i.e.,

we increased the customers' demands by 20%). Regarding the changes in EV t echnology, we

considered two cases; with an increase in driving range of EVs from 258 t o 300 km, and with

a 25% increase in capacity of EVs. Regarding the changes in t ransport network , we considered

t hree cases; with the same t ransport network as provided in Sect ion 4.4.1 but with 50% reduct ion

in dist ances between customers; and with two other types of t ransport networks: one with an

increase in number of customers inside the limit ed zone from five t o nine and the other with

uniform dist ribut ion of customers on t he plane. Figur e 4.3 illust rat es feasible solut ions for t he

two other types of t ransport networks. The results for t he sensit ivity analysis are provided in

Tables 4.8- 4.16 in the appendix.
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per kilomet er by 5% or 25%. Tabl e 4.15 and Table 4.16 present t he corresponding result s.

Comparing the result s in these two t ables with the main result s in Table 4.4, we can see t hat

t he addit ional fuel cost caused by congest ion inside the zone can funct ion as zone fee. With

a higher addit ional fuel cost , fewer t rips by ICEVs will be planned inside t he zone and larger

ext ernal reduct ions will be achieved .

The second analysis is relat ed t o alt ernat ive roads between two or more cust omers. An in-

t erest ing case in our study is t o discuss the two customers that are out side the limit ed zone

and are visit ed by an ICEV while t he short est road between them crosses the zone, which

means the ICEV has t o pay a cert ain zone fee. Alt ernat ive roads could exist that are longer

t han t he short est one between t he two customers. If t he alt ernat ive road leads t o addit ional

rout ing cost s that are lower t han t he zone fee, t he alt ernat ive road will be chosen . The same

argument applies for alt ernat ive roads between more than two customers. However , a more

complicat ed road network and opt imizat ion solut ion approach should be included , which is out

of our research scope here.

4.4.4 Policy implicat ions

The result s in Sect ions 4.4.2 and 4.4.3 provide some implicat ions for policy making.

First , pur chase subsidies for EVs, zone fee with exempt ions for EVs and vehicle t ax with ex-

empt ions for EVs are able t o increase the pur chase of EVs. The pur chase subsidies and vehicle

t ax affect pur chase decisions direct ly while t he zone fee influences the pur chase of EVs through

it s impacts on operat ional (i.e., rout ing) plans of EVs. Since logist ics companies have more cer-

t ain operat ional plans than privat e passenger car drivers, the influence of zone fee on pur chase

decisions of logist ics companies are more obvious.

Second, in our main result s, zone fee leads t o the largest reduct ion in ext ernal cost s of climat e

change, local air pollut ion and congest ion . This is because the zone fee significantly reduces

t he ext ernal cost by prevent ing emissions and congest ion inside t he limit ed zone. In some of

t he sensit ivity analyses, t he zone fee increased ext ernal cost s by forcing ICEVs t o t ravel around

t he zone t o reach cust omers on t he other side, which may lead t o more emissions from fuel

combust ion or congest ion . It can be seen that , depending on t he range of a limit ed zone, t he

dist ribut ion of consumers inside and out side t he zone and road network , the effect iveness of
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and economic analysis, which provide an evaluat ion of EV policies from a different perspect ive

and also lays an import ant basis for further explorat ions. Although t he focus was on the vehicle

specific policies, mainly, for companies, elaborat ions on changing demand of consumers might

also lead t o int erest ing result s from the perspect ive of market equilibriums. Moreover , different

limit at ions might exist in our method , depending on t he research obj ect ives. As opportunit ies

for futur e research , more comprehensive models and solut ion approaches can be est ablished t o

deal with realist ic issues such as real-t ime deliveries, large-scale t ransport networks, dynamic

decision processes, alt ernat ive roads, rush-hour s/ off-hour s deliveries, geographic feat ur es, idling

and bat t ery ageing for elect ric vehicles.
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