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Abstract
Th e transport sector faces multiple challenges including the 

accommodation of increasing fuel prices and environmental 

pressures. Th ese hurdles become more important in road trans-

port where cars hold a larger share of fi nal energy consumption 

and emissions. Although not solved, the situation is improving 

in general and the question of accelerating the transition to new 

technologies is dominant, yet not suffi  cient.

Technological turnover of car fl eets is determined by the 

replacement of older vehicles by new models. Depending on 

the diff usion of new cars and driving forces for technological 

change, the total displacement of older technologies can last 10 

to more than 40 years. Car Organ Transplant (COT) is explored 

here as a complementary alternative to conventional techno-

logical turnover of fl eets by which potential benefi ts are delayed 

as obsolete technologies continue to pollute at preceding levels. 

COT corresponds to replacing obsolete powertrain and ancil-

lary equipments with cleaner technologies. Consequently, car’s 

service time is extended with upgraded and fully functional 

technologies.

We analyzed lifecycle environmental and economic benefi ts 

of COT by comparing diff erent car-ownership approaches over 

20 years: keeping car, buying new car, buying remarketed-car; 

buying transplanted-car or transplanting own car. We conclud-

ed that COT is potentially attractive for owners while improving 

energy and environmental performance of automobility. Addi-

tionally, we estimated the pervasiveness of COT in the Portu-

guese car fl eet and corresponding impacts. We concluded that 

COT potentially yields signifi cant energy and environmental 

benefi ts for society.

Barriers and implications of COT for the automotive in-

dustry were identifi ed. Importantly, increased standardiza-

tion, modularity-in-design and modularity-in-production are 

necessary. Lastly, new relationships between carmakers and 

customers may arise like ‘evolutionary car selling’ by which 

planned COT over time would be bundled to car purchasing 

or to the auto mobility service provided.

Introduction
Th e transport sector faces multiple challenges including the 

accommodation of increasing fuel prices and environmen-

tal pressures. Th ese hurdles become more important in road 

transport where cars hold a larger share of fi nal energy con-

sumption and emissions. Under current market trends, car use 

will perpetuate the current pressure on natural resources and 

the environment if the automotive industry does not produce 

suffi  ciently high effi  cient and less material intensive vehicles 

or if the international demand for automobility continues its 

stunning growth – nearly 5%/year over three decades in the 

European Union (Eurostat, 2003) and higher growth rates (15% 

to 20%/year) currently occurring in China (Schipper and Ng, 

2004). 

In response, these energy and environmental effi  ciency chal-

lenges are stepping up research and development in the areas 

of propulsion technology (e.g., exhaust gas prevention, alter-

native fuels, and alternative propulsion systems, among oth-

ers). Although the powertrain operation principle remained 

the same over the last century, it has undergone vast improve-
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ments ever since, by which fuel economy of cars has increased 

by a long way and specifi c emissions have decreased notice-

ably. Nonetheless, perfect combustion is still not obtained and, 

thus, together with large amounts of carbon dioxide (CO
2
) and 

water (H
2
O) in the exhaust gases, pollutants are still emitted: 

carbon monoxide (CO), non-methane volatile organic com-

pounds (NMVOC), oxides of nitrogen (NO
X
) and particulate 

matter (PM) – just to mention the regulated ones. Importantly 

as well, large amounts of material consumption and waste pro-

duction are still involved in the production, use and fi nal dis-

posal of cars. Concomitantly, governments are implementing 

measures for pollution control (for the most part, regulatory 

instruments like the Euro standards in the EU) and to reduce 

carbon emissions by means of increased fuel economy of cars 

(e.g., voluntary agreement between the EU and the automobile 

manufacturers associations – ACEA , JAMA and KAMA – as 

well as policies to promote the decoupling of mobility growth 

from economic development – White Paper of the European 

Commission, 2001). 

Despite the diff usion of more effi  cient new vehicles, the 

concentration of air pollutants in many urban areas oft en ex-

ceeds air quality standards (EEA, 2006) and there are strong 

evidences that climate change is being increasingly induced by 

anthropogenic emissions of greenhouse gases through global 

warming (IPCC, 2001, 2007). In reality, higher effi  ciency of cars 

is being off set by increased motorization and mobility and by 

diverting the technological improvement gains into non fuel 

saving vehicle features (e.g., larger vehicles and/or engine size, 

higher acceleration power, air conditioning, among others), 

while technological breakthroughs take longer to diff use and be-

come eff ective, also. In this sense, the situation is improving in 

general and in many respects the question of accelerating the 

renewal of fl eets towards cleaner technologies seems dominant 

(Viegas, 2003), although not entirely suffi  cient. In this sense, 

the transition to a more sustainable transportation system re-

quires a fl eet conversion policy that effi  ciently absorbs new, clean 

technologies and retires old, high-polluting technologies. 

Technological turnover of car fl eets has been essentially de-

termined by the retirement of older vehicles and replacement 

with new models. However, the total displacement of older 

technologies can last from 10 to more than 40 years (Grübler, 

1990, Grübler and Nakicenovic, 1991). One environmental im-

plication of slower diff usion rates is technological obsolescence 

of the running fl eets and, therefore, benefi ts from best available 

technologies (BAT) are fully explored only aft er 10 to 40 years. 

Furthermore, an important share of today’s motorized mobility 

is using older, obsolete and more polluting technologies (for 

example, refer to data presented by Davis and Diegel, 2006, 

for the USA), although older vehicles are expected to drive 

signifi cantly shorter distances over time. If, on one hand, new 

vehicles are more fuel effi  cient (considering equivalent models) 

and include more and better pollution control devices, on the 

other, pollution control equipment deteriorates over time (Ross 

et al., 1995, Harrington, 1997, Ross et al., 1998) and so does 

the fuel economy of engines although to a lesser extent (Ang 

et al., 1991).

One possible way to reduce the delay of cleaner technolo-

gies’ diff usion would be to make the average lifetime of vehicles 

shorter by accelerating the turnover of fl eets (i.e., increase the 

entrance of new cars while anticipating the retirement of older 

vehicles, as mentioned above). However, overall environmen-

tal impacts of cars can potentially increase from a lifecycle ac-

counting perspective, mainly due to additional consumption 

of energy and raw materials or generation of emissions and 

solid waste from new car production and retirement of older 

cars (ECMT, 1999, Kim et al, 2003). Th erefore, reducing the 

lifetime of vehicles below a certain limit is not necessarily the 

best option if the environmental impacts are to be minimized 

holistically.

Th e present paper proposes one additional solution as part of 

an energy consumption and environmental impact reduction 

strategy for automobility. We named it ‘car organ transplant’ 

(COT) that aims to extending the service time of vehicles while 

keeping them technologically up-to-date. Th is paper is divided 

in fi ve sections (including this introduction). Aft er exploring 

the concept in the next section, we present the overall meth-

odology used in our research. Finally, aft er presenting and dis-

cussing the results obtained, we draw the overall conclusions 

of this paper, in the last section. Finally, we highlight that the 

present paper presents some of the more important results and 

conclusions of the research work developed by Moura (2008) 

for the completion of his doctoral dissertation. As such, the 

research details are extensively developed in the dissertation.

The concept: Car Organ Transplant (COT)
COT is an analogy between organ transplant medical care in 

humans and car care. Organ transplant in cars corresponds to 

replacing parts, modules and systems of the powertrain (in-

cluding depollution equipment) and other energy intensive 

ancillary equipments (e.g., air conditioning) of the car that 

are technologically outdated, downgraded or malfunction-

ing while keeping the remaining components and parts that 

are state-of-the-art and fully operative, in order to improve its 

energy and environmental effi  ciency and possibly reach ‘like 

new’ performance standards. We defi ned a kit of transplant-

ing organs by including all parts and components that could 

directly and indirectly infl uence the cars energy and environ-

mental performance (for details on the composition of the kit 

refer to Moura, 2008). Th e potential advantages of the concept 

proposed here, compared to existing conventional alternatives, 

relate to potentially consume less energy and raw materials and 

generate less emissions and solid waste. However, these advan-

tages and uncertainties related to COT had to be analyzed. 

Firstly, does COT reduce lifecycle energy and environmen-

tal impacts when compared to conventional car ownership ap-

proaches (e.g., buying new or remarketed cars periodically), 

and is it attractive for car owners when comparing its total 

ownership costs to those of conventional approaches? In fact, 

COT is eff ective only if the energy and environmental costs of 

producing the replacing organs and scrapping those substituted 

are off set by the gains in energy and environmental effi  ciency 

striving from the use of those transplanted organs. Otherwise, 

we would worsen the overall burden. 

Secondly, to what extent are transplant technologies ex-

pected to diff use in car fl eets and, consequently, how is COT 

expected to foster the technological turnover of fl eets? Accord-

ingly, what are the corresponding energy and environmental 

impacts considering whole fl eets? As mentioned previously, 
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technological renewal of car stocks takes place by means of new 

models entering the stocks. Typically, the rate of diff usion of 

new cars is approximately 10% of the total car fl eet and the cor-

responding technological turnover is expected to increase with 

transplanted-cars (our hypothesis). Th e extent of the diff usion 

of such technologies depends mostly on the competitiveness of 

transplanted-cars in the used car market considering that COT 

involves additional costs (i.e., ‘is it suffi  ciently attractive to car 

consumers when other conventional options exist in the market 

place?’). Th e degree of energy and environmental benefi ts from 

organ transplants depends largely on the pervasive capacity of 

such technologies but also on the balance between the produc-

tion of new equipments (and retirement of older ones) and the 

corresponding gains in effi  ciency (from using them).

Other concepts are similar or complementary to COT: 

renovation (i.e., restoring to a former better state as by clean-

ing, repairing, or rebuilding), remanufacturing (i.e., bringing 

car parts and components to their original state), retrofi tting 

(i.e., installing new or modifi ed parts or equipment in some-

thing previously manufactured or constructed), conversion 

(i.e., altering the physical or chemical nature or properties of 

some object or equipment for more eff ective utilization) – just 

to mention some more important. Th e reason for diff erenti-

ating organ transplant from the remaining concepts is that it 

involves the substitution of several subsystems of the car and 

that it is expected to bring major improvements in energy and 

environmental performance.

COT has been explicitly or implicitly mentioned by other 

authors. For instance, the authors of the Foresight Vehicle Pro-

gram (SMMT, 2004) refer that “retrofi t capability of technology 

is a challenge as an intermediate step before introducing more 

radical solutions” and that “technologies aiming to increasing 

service life, whilst enabling the upgrading of emissions and safety 

systems, will be needed”. Complementing this idea, Nieuwenhu-

is and Wells (2003) suggest that “the latest powertrain items and 

other new technologies could be fi tted at various points during the 

car’s life”. Th ey add that extending the lifetime of products is 

the expectable trend in view of the extension of the lifetime of 

car parts performed by the automotive industry and in face of 

more stringent environmental regulations that will arise. Com-

plementarily, Graedel and Allenby (1997) suggested that “in the 

future, it is likely that engines, transmissions, (…) and other parts 

will be designed so that they can be removed and replaced as eas-

ily as can today’s portable radio batteries”. In a general sense, all 

authors argue that partial technological upgrading of cars dur-

ing their service life would be an advantage in the future.

However, putting COT into practice requires a diff erent, 

more modular, approach to building cars than the current 

mainstream in order to deal with possible mechanical barriers. 

With the signifi cant technological improvements in cars, over 

the past decades, key mechanical components and bodywork 

are more reliable and last longer. Whereas intra-generational 

interchangeability is naturally planned when designing cars 

(e.g., spare parts), inter-generational interchangeability is not 

sought aft er. Dealing with incompatibility issues between mod-

el years involves increased standardization and modularity in 

order to ensure viability and wider impact of COT (Baldwin 

and Clark, 2002, Baldwin et al., 2006). Full compatibility be-

tween the main building blocks of the transplantable organs 

and the recipient vehicle through clearly defi ned standardized 

interfaces are essential, although physical limitations to full 

modularity may arise (refer to Whitney, 2003).

In practice, COT would involve new conceptions of car pro-

duction and ownership: 1) design and manufacturing of cars; 

2) greater awareness and credit to the lifecycle total owner-

ship costs by car owners (including environmental costs), and 

3) serviceability by which car makers, suppliers and the aft er-

market agents would have to off er commercially viable trans-

plantable organs (in packages or kits) while ensuring ease, du-

ration and competitive costs. 

In the next section, we describe the main methodological 

steps followed to analyze the potential energy and environmen-

tal advantages of COT from the car owner and fl eet perspec-

tives.

Methodology
Although it should be applicable to any country or regional cir-

cumstances, the potential advantages of COT are demonstrated 

in the Portuguese context, fi rstly, by analyzing the private car 

ownership over 20 years and, secondly, by exploring the pos-

sible diff usion of transplant technologies throughout the Por-

tuguese car fl eet until 2030. Both approaches include impact 

analysis on energy consumption, atmospheric emissions, raw 

material consumption and generation of solid waste. While in 

the fi rst part, we are analyzing the concept in the car owner 

perspective, in the second we approach the problem from the 

car fl eet perspective, and thus more systemically. As from now, 

we highlight that the economic analyses presented here (for in-

stance, the Total Ownership Costs) were performed for the car 

owner context only. As such, we do not intend to extrapolate 

these results and consider the distribution of benefi ts and costs 

over society (i.e. by type of economic agent).

We used life cycle (LC) analysis to evaluate the possible en-

ergy and environmental impacts of organ transplant in cars. 

We included the following lifecycle (LC) stages in the LC in-

ventory model of both cars and transplanting organs: material 

production; vehicle and organ manufacturing/transplanting; 

fuel refi ning, transportation and delivery; car use; maintenance 

and repair; end-of-life disposal. We calculate LC energy and 

environmental burdens by multiplying the number of cars with 

the respective energy/environmental coeffi  cients and mileage 

curves or weight: when addressing the operation stage we used 

annual kilometers; for the remaining stages we used car or or-

gan weight.

We also used total ownership costing (TOC) tools to evalu-

ate the costs of car ownership. Importantly, the costs analyzed 

included: car and COT price, fuel cost, insurance, maintenance 

and repairs, damage environmental costs. To evaluate the cost 

of COT, we used the cost breakdown methodology by Deluc-

chi et al (2000) for a Ford Taurus and obtained approximately 

4,500 Euro per COT (for calculation details refer to Moura, 

2008).

Emissions from car use are based on the EMEP/CORINAIR 

guidelines from the European Environmental Agency (EEA, 

2007). Importantly, we adopted the car classifi cation used in 

these guidelines (refer to Table 1). We estimated the evolution 

of fuel economy of cars based on data collected in the litera-

ture (Ntziachristos and Samaras, 2000, ACEA, 2003, Brink et 
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al., 2005, DGEMP, 2005, ACEA, 2006, Ceuster et al., 2006, Za-

chariadis, 2006). Regarding the energy intensity and emission 

factors of the up and downstream stages to car use, we collected 

data from Kim (2003) that we compared (and validated) with 

other sources for the EU context (Worrell et al., 1997, Choate 

and Green, 2003, IPPC, 2001, Moors, 2006, Utigard, 2005). Im-

portantly, these factors evolve with time also as manufacturing 

procedures are expected to become more effi  cient, too.

Annual mileage is expected to decrease with the age. Still, 

for simplifi cation purposes, we adopted constant mileage over 

time for each of car type and values were based on APA (2007). 

With respect to the weight of cars, we used data adapted from 

Delucchi et al (2000).

LCA AND TOC ANALYSES OF A MIDSIZE GASOLINE CAR OWNERSHIP 

OVER 20 YEARS

To tackle the fi rst research question, we centered our analysis 

on a midsize gasoline powered car and considered fi ve car-

ownership strategies over a 20-years ownership period: (S 1) 

keeping car, (S 2) buying new car, (S 3) buying remarketed-car; 

(S 4) buying transplanted-car or (S 5) transplanting own car. 

While in the fi rst strategy, the car is kept over 20 years, the 

remaining includes swapping (or transplanting) vehicles pe-

riodically for which we tested several periodicities (our base 

case considered a 7-years swapping periodicity). Based on the 

characteristics of the vehicle and its operation over the service 

time, we calculated the energy consumption, emissions, raw 

materials use and waste generation from a LC perspective, for 

each ownership alternative. As mentioned above we also used 

TOC analyses to evaluate the costs of each strategy and assess 

the respective payback periods, i.e., aft er the initial investment, 

when does payback occur for each strategy, considering that 

the accounted benefi ts are reductions in fuel consumption 

and emissions compared to the base case of keeping a car over 

20 years (assuming that for equivalent models, buying a newer 

vehicle or transplanting a newer technology in a older model 

increases the overall effi  ciency of the car). In this sense, TOC of 

car ownership were complemented with a monetarized evalu-

ation of the environmental impacts striving from air pollutant 

and greenhouse gas emissions. Th ese environmental external 

costs associated with airborne emissions from transportation 

refl ect the potential for pollutants to impact human health 

(mortality and morbidity), building materials, crops, global 

warming, amenity losses (due to noise), ecosystems and land 

use change (Bickel et al., 1997). Additional societal costs related 

to issues such as infrastructure, accidents (human health), fuel 

security, water pollutants, solid waste, and congestion were not 

evaluated. Th e following table presents the monetary unit-costs 

used in our analysis (the average values).

Energy and environmental impacts of COT for the car fl eet 
Regarding the second research question, we extended our anal-

ysis of COT to the entire fl eet. Th e fi gure 1 illustrates the model 

used to simulate a reasonable approximation of the evolution 

of the Portuguese fl eet with respect to its dimension and tech-

nological composition for the period 1995-2007 and analyse its 

performance. Th e model is composed by three main modules: 

vehicle stock, LC energy and emissions coeffi  cients, and car 

mobility by vehicle type. Th e combination of the outputs of 

these three modules provides the overall energy and environ-

mental performance of the car fl eet.

Th e vehicle stock module is separated into four sub-modules: 

vehicle stock, new cars, remarketed used-cars (both conven-

tional and transplanted) and End-Of-Life (EOL) disposal of 

vehicles. Th e model is described in the following paragraphs 

whereas methods and necessary data collection are explained 

in more detail in Moura (2008, Chapter 7).

In very aggregate terms, the car stock model follows the fol-

lowing equation: Total cars (t)=Total cars (t-1)+New cars (t)-

End-Of-Life(EOL) cars (t-1), where t stands for calendar year). 

Based on this model, we estimated the baseline evolution of 

the car stock until 2030. By doing so, we defi ned the basis for 

comparison (Baseline Scenario) with the scenario where trans-

planted cars pervade in the existing stock (Transplant Scenario) 

as from 2008.

Th e total annual stock of cars (i.e., running fl eet) was es-

timated based on a regression curve of the Portuguese car 

density (cars/1,000 license holders), aka ownership rate. Based 

Table 1. Car classifi cation and average annual mileage (in brackets)

 Engine Size (c.c.) 

Fuel type Small (<1,400) Medium (1,400-2,000) Big (>2,000) 

Gasoline PCGS (8,800) PCGM (9,200) PCGB (9,400) 

Diesel PCDS (22,500) PCDM (24,000) PCDB (24,500) 

Note: PC stands for Passenger Car; Mileage is expressed in (km/year). 

 

Table 2. Damage costs from airborne emissions (adapted from Bickel and Schmid, 1999)

 Damage costs 

 (2 000 /ton of air emissions) 

Pollutants Min Max Average 

Carbon Monoxide (CO) 0.001 0.016 0.008 

Nitrous Oxides (NOx) 0.298 7.578 3.938 

Volatile Organic Compounds (VOC) 0.209 1.380 0.795 

Particulates 140 940 540 

Carbon Dioxide (CO2) 0.012 0.034 0.023† 

† This value is confirmed by the PointCarbon . 
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on vehicle data provided by ACAP (2007) and demographic 

data provided by INE (2004, 2007), we calibrated the following 

logistic curve, for the period 1971 to 2007: CD=893⁄[1+exp(-

0.189+378.year)], with R2=0.99. Future demand of cars was 

obtained by extrapolating the previous function from a time 

variable (plus constant) basis. As this extrapolation provides 

car density values, we used the demographic forecasts of the 

Portuguese population and respective driver-license holder’s 

cohort composition from INE (2007) to calculate the over-

all car stock, annually. We did not include more explanatory 

variables (such as, purchasing power or division of urban/sub-

urban/rural population) since we are want to test the aggregate 

impact of COT on a realistic baseline scenario and not a very 

accurate forecasted car stock evolution.

To estimate the amount of annual cars sales, we determined 

the quantity of new cars needed to match demand aft er deduct-

ing the retiring vehicles. Th e overall technological composition 

of the fl eet over time is obtained by estimating which car types 

are retired and sold yearly. Th e retirement of older vehicles is 

calculated with “modifi ed” Weibul curves suggested by Zach-

ariadis et al. (1995), with the following expression: S(k)=exp[-

((k-λ)/β)^λ], where k represents the vehicle age. Parameters 

λ and β were calibrated with the time series available for the 

Portuguese fl eet (ACAP, 2007) by which λ=11 and β=31 (al-

though some variation occurs depending on the model years). 

Th e annual technological mix of new cars is determined exog-

enously based on the estimates by Ceuster et al (2007) in the 

TREMOVE model for Portugal. 

Aft er modeling the evolution of the Portuguese car fl eet and 

estimating its baseline evolution until 2030, we estimated the 

diff usion of transplanted cars in the Transplant Scenario. Th e 

pervasiveness of a technology depends on the attractiveness of 

its characteristics and on the consumer’s preferences and choice 

behavior. Accordingly, we developed a discrete choice model to 

simulate the options of consumers when facing a fi nite set of 

remarketed-car alternatives (conventional and transplanted), 

based on proxy-revealed preferences data provided by AB-

motor (consultant of the Portuguese car market, http://www.

abmotor.pt). We calibrated a 2-level nested Logit where each 

nest groups Diesel or Gasoline fuelled cars and elemental al-

ternatives correspond to the engine size within each nest. We 

obtained the following parameters and statistics (in brackets) 

for the utility function. Th e Inclusive Value (IV) parameter for 

Gasoline cars was fi xed to 1, while for Diesel cars we obtained 

0.4735 (16.29).

Vj=0.00159 ES–0.19714 AGE–0.00013 CP–

(12.96) (-18.34) (-28.96) 

0.00002 TC-00536 CIRCT+0.00932 NBRMOD 

(-33.15) (-4.36) (14.93) 

We made the following assumptions to calibrate the model:

Transplanted vehicles compete with remarketed cars and 1. 

choices are basically infl uenced by the characteristics of cars 

(or attributes of the utility function): engine size (ES), age 

(AGE), car price (CP) - and/or COT cost, total operation 

costs (TC), taxes (CIRCT), and the number of makes and 

models of cars or transplanting kits available in the market 

(NBRMODS). 

Figure 1. Simplifi ed model of the car fl eet dynamics (source: author)
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If a vehicle is transplanted with a newer propulsion sys-2. 

tem, its performance in terms of energy consumption and 

emissions is that of a new system. Th ere is evidence on the 

potential losses of effi  ciency by adapting a new propulsion 

system to an older model, compared to its performance in 

a new car.

A used-car is transplantable once during its lifetime (ap-3. 

plicable to the fl eet-wide exercise, only).

Th ere is an underlying assumption striving from the fi rst as-

sumption that is new-car buyers do not become transplanters. 

Complementarily, what we are assuming is that the attitude of 

potential transplanters is similar to the attitude of remarketed-

car buyers and both are diff erent from the attitude of the con-

sumer of new cars. Indirectly, we are assuming that the con-

sumer who wishes to buy a new car will value diff erently the 

criteria for decision-making (e.g., novelty/fashion, wear of the 

car/maintenance costs, etc.) that would be refl ected in the set of 

variables of the utility function and respective parameters. Fur-

thermore, if the transplanted alternatives compete with remar-

keted cars, these will replace used-cars only. Consequently, we 

estimated how many used-cars are remarketed every year. We 

adopted a simple approximation of the reality by calculating the 

moving-average ratio of used-to-new cars. Our results indicate 

that for each new car sold there are 2.5 cars remarketed, every 

year (this is consistent with the surveys by BCA, 2006). 

Finally, we had to make two important mathematical speci-

fi cations to our models:

We imposed a restriction by which transplanted-cars would • 

substitute its equivalent conventional used-car (and these 

are obviously retrieved from the total stock) in order to 

maintain our total stock of cars equal to the total demand 

we estimated yearly.

We assumed that a transplanted car would have a longer • 

service time compared to conventional cars. As such, we 

extended the car’s lifetime by approximately 5 years and as-

sumed a maximum service of 35 years. 

Th e last specifi cation had an indirect eff ect on the sales of new 

cars. As indirect consequence of extending car service time 

through COT is that the global demand for new cars is reduced 

over time. As a result, COT reduces the velocity of materials 

fl ow through the automotive sector and originates a reduction 

of materials use, energy consumed in manufacturing processes 

and emissions generated. We present now the main results ob-

tained in our research by separating the analysis centered on 

the car ownership from the fl eet’s perspective.

Results

IMPACT OF COT ON THE CAR OWNERSHIP STRATEGY

With respect to the ownership of a midsize gasoline car over 

20 years, our results show that, comparatively to keeping the 

car over 20 years (S 1), performing COT periodically provides 

signifi cant reductions in overall energy consumption (-3.1%), 

air emissions (-6.2% for CO, -25% for NMVOC and -4% for 

CO
2
) and solid waste production (-20%). Exceptions are made 

for PM and NO
X
 emissions. In the fi rst case, PM emissions pro-

duced by gasoline-fuelled cars are not signifi cant and, there-

fore, reductions from technological upgrades are null. Th is is 

not the case of diesel-cars for which COT contributes to the 

reduction of lifecycle PM emissions. In the case of NO
x
, the 

additional emissions due to the production of transplanting 

kits and replaced equipment are not recovered over the vehicle 

service time, showing an increase of 34%. Conversely to other 

pollutants, NO
x
 emission factors are not reducing as strongly, 

over the last years. Hence, technological changes by COT are 

not refl ected in more NO
x
 emission reduction. COT is logi-

cally more material- intensive (more 40%) as more parts and 

components are produced and used. Still, transplanting cars 

consumes half of the raw material used if cars are replaced by 

new cars periodically (every 7 years). Importantly, additional 

environmental burdens from technological transplant are re-

covered over a reasonable number of years, given the gains of 

effi  ciency achieved (3 to 4 years).

In addition, we concluded that COT contributes positively 

to the reduction of total car ownership costs (TOC) and trans-

planting the car twice over 20 years reduces overall costs by 

4% when compared to keeping the car over the same period 

of time. Th e extent of the LC gains (whether environmental or 

economic) varies with the age of the transplanted car. All costs 

and pollutants considered, maximum benefi ts are reached at 

the age of 9 (and 5) for environmental damage (or economic 

costs). However, reasonable payback periods (less than 6 years) 

are obtained if cars are transplanted aft er the age of 5 (Figure 2). 

For transplants aft er 5 years, the payback periods decrease (al-

most linearly) as the transplanting age increases. We conclude 

that COT is potentially attractive for car owners, considering 

that the break-even of the initial investment is reached over a 

reasonable time horizon (6 years), while contributing to reduc-

ing LC environmental impacts.

Complementarily, the Net Present Value (NPV) indicates 

how much value is added by an investment over some period 

of time, discounting the future cash fl ows of the project. In the 

present case, they compare the alternatives of whether keeping 

the car as usual (S 1) or investing in COT (S 5), and the cash 

fl ows correspond to the cost reductions due to the reduction of 

fuel consumption and emissions aft er COT. Accordingly, NPV 

is maximized when the car is transplanted at the age of 5 if 

the investment is analyzed over 20 years. We note that NPV 

remains quite constant if cars are transplanted until the age of 

15.

As shown in the following radar graph, the swapping/trans-

planting periodicity that minimizes all costs varies across 

ownership strategies but also across energy and environmen-

tal burdens. CO
2
 emissions are minimized if new cars (S2) are 

swapped every 11 years, while they are minimized if 6-year old 

remarketed-cars (S3) are bought every 4 years or if cars are 

transplanted (S5), or bought transplanted (S4), every 7 years. 

In the case of CO emissions, transplanted-car emissions are 

minimized if cars are swapped every 7 years, which is faster 

than for new (10 years) or remarketed (11 years) cars. Interest-

ingly, lifecycle solid waste generation is minimized if new cars 

(S2) are swapped every 9 years. On one hand, more materials 

are wasted during production stages if car swapping is more 

frequent (since more cars are produced) and, thus, swapping 

periodicity should be smaller to reduce material losses. On the 
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other hand, the probability of car retirement increases if they 

are substituted later and, thus, the quantity of material disposed 

increases. 

When comparing all car ownership strategies (multi-objec-

tive function that includes environmental damage costs), we 

conclude that transplanting the car twice over 20 years (S5) 

results in the smallest total ownership costs. Conversely, buy-

ing two new cars in 20 years (S2) is the least attractive option, 

according to the assumptions used here. Although the total 

environmental costs (consider alone) diff er little between 

scenarios, the best alternative is to transplant cars (S5) or buy 

transplanted cars (S4) every 3 years, whereas the worst alter-

native is to buy a new car every 7 years (S2). On one hand, 

transplanted cars (S4 and S5) consume fewer materials than 

new cars (S2) and, on the other hand, they are more effi  cient 

than conventional remarketed cars (S1 andS3). We compared 

these results of optimal swapping periodicities to current sales 

habits of 2nd hand cars from 1st to 2nd owners and further on. 

Based on the used-car market survey by BCA (2006), we know 

that the age structure of remarketed cars varies from country 

to country. Anyway, in Portugal, we conclude that the majority 

of used-car owners keep their cars during 5 to 8 years. As such, 

we conclude that these owners might as well consider COT as 

it pays back aft er 3 years, considering environmental costs only, 

or 7 years, considering total ownership costs.

IMPACT OF COT ON THE TECHNOLOGICAL COMPOSITION AND 

ENVIRONMENTAL  PERFORMANCE OF THE FLEET 

According to our assumptions and considering transplant pric-

es (for the fi nal consumer) equal to transplant costs, the annual 

potential market share of the transplanted technologies would 

be nearly 50% of the consumers of remarketed cars. Aft er esti-

mating the optimal price that would maximize revenues for the 

transplant supply chain (price is necessarily higher than cost as 

Figure 2. Payback period and net present value of transplant investment, including environmental damage costs (source: author)

 

Figure 3. Optimal swapping periodicities to minimize TOC and environmental burdens (source: author). Notes: Remarketed cars are 

6-years old. Swapping periodicity is fi xed at 20 years for scenario 1.
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it includes net revenues for the supply chain) and concluded 

that prices would be higher than transplant costs by a factor 

of 2.5. Consequently, demand would be lower and the poten-

tial market share of transplanted cars would become 30%. For 

example, according to our assumptions, a consumer who buys 

a 7-years old, midsize gasoline-powered car aft er being trans-

planted would pay 21,500 Euro that account for: the vehicle’s 

residual value 11,500 Euro; 4,500 Euro of transplant costs; and 

5,500 Euro of value added and other costs (e.g., taxes).

Th ese are good grounds for the transplant business since 

the potential benefi t (26%=5,500/21,500×100) would allow 

several stakeholders to participate in the value chain of trans-

planting services although we note that this profi t margins are 

over-estimated since it did not include potential competitors, 

no economies of scale (due to lower material costs), and no 

benefi ts of a learning curve (due to gaining expertise in manu-

facturing and operating). We conclude that the share of trans-

planted vehicles would lie somewhere between 30% and 50% 

of remarketed cars. 

We referred before that the payback period for a car trans-

planted at the age of 5 years, would correspond to 6 years, if 

transplant prices were 50% of base costs, i.e. roughly 7,000 Euro. 

In this case, the overall market share for transplanted vehicles 

we round to 40% of remarketed cars. 

Transplanted cars are expected to diff use at an annual rate of 

3% of the total stock. Considering that new technologies were 

conventionally diff used through the entrance of new cars in 

the stock, COT increases the technological turnover from 7% 

to 10%, i.e. the full deployment of a new technology is potential 

cut down by 4 years. Th e main impacts related to the introduc-

tion of transplanted cars in the used-car market are:

Th e average age of the baseline fl eet is expected to decrease • 

1.5 years (from 8.5 to 7 years) where the percentile 60% de-

creases from 8 to 6 years of age and percentile 90% decreases 

from 16 to 14. 

Th e introduction of transplanted technologies in the market • 

induces a shift  towards smaller and diesel powered vehicles, 

i.e. potential downsizing of the car stock.

Aft er 2015, we estimate the production of new cars is cut • 

down by 50 thousand new cars (i.e., a diff erence of -14% 

compared to the Baseline Scenario), while 155 thousand cars 

are transplanted (we recall that approximately 350 thousand 

cars are sold annually).

In the longer run, more than 30% of the fl eet would have • 

been transplanted with new and cleaner technologies.

Th ese impacts are potentially more expressive, considering that 

there are signifi cant diff erences in fuel consumption and emis-

sions between smaller and larger vehicles and that an older ve-

hicles are normally higher emitters (although they have lower 

annual mileages). Th e stock dieselization has both an upside 

and a downside impact: whereas diesel cars consume less than 

equivalent gasoline cars (and, for itself, it emits less carbon 

dioxide), they generate more particulates and NO
X
 (although 

these can be solved with depollution equipment). Th e car stock 

technological transformation is also refl ected in its Euro stand-

ards composition. Assuming that transplanted cars behave and 

are classifi ed like new cars, COT could increase the number of 

Euro 5 and 6 vehicles by 20% until 2020, compared with the 

baseline scenario.

According to our assumptions, there is an overall saving of 

(-4%) of energy consumption, by 2020. Higher reductions are 

expected during the material production and car manufactur-

ing (-20%) and EOL (-40%) stages, although these correspond 

to smaller shares of the global LC burden (13% and <1%, re-

spectively). Similar results were obtained for the remaining pa-

rameters that we analyzed (CO
2
, CO, NMVOC, NOx and PM). 

Additionally, COT could lead to a decrease of raw material con-

sumption (-10%) and waste generation (-14%) by 2020. Th e 

majority of waste (nearly 80%) is reused or recycled. Although 

the global percent-variation is apparently low, it corresponds 

to expressive reductions in absolute terms. For example, in the 

case of CO
2
 emissions, this percentage equals 555 Gg, 780 Gg 

and 660 Gg, in 2020, 2025 and 2030, respectively. Th is potential 

for emissions reduction is major when compared to the eff ec-

tiveness of other transport policy instruments included in car-

bon reduction strategies. For example, COT could contribute 

more than any measure of the Portuguese National Program 

for Climate Change (Seixas and Alves, 2006), except for the 

introduction of biofuels that is expected to generate a reduction 

of 1,200 Gg of CO
2
 emissions (according to our assumptions). 

Complementarily, the introduction of COT would also provide 

an annual reduction of nearly 1.5 Gg of NOx (~4% of total 

emissions of passenger cars) and 0.5 Gg of NMVOC (~4% of 

total emissions of passenger cars), aft er 2015. Th e measures in-

cluded in the Portuguese National Emissions Ceiling Program 

(PTEN) are less outreaching than these results (APA, 2003).

Discussion and conclusions
Our results indicate that COT can bring energy and environ-

mental benefi ts for the car owner and society. Although our 

economic analysis focused the car owner only, we would expect 

positive spillovers for the economy since additional business 

streams within the automotive aft ermarket would arise. As 

we mentioned earlier, the downside for the car makers would 

be that the number of car sales (in a whole) would eventually 

decrease. However, it is expectable that OEMs would benefi t 

from COT in the aft ermarket since they remain the produc-

ers of the main powertrain sub-system and the strong cross-

subsidization  from the aft ermarket sales (parts and compo-

nents) would possibly compensate the reduction during the 

manufacturing stages.

One possible outcome for the auto industry would be the 

change of the current contractual relationship between car 

makers and customers. Today, the former lose control over their 

clients aft er the car leaves the retail store because they compete 

in the aft ermarket for independent servicing and repairs. A 

new relationship could arise in the form of ‘evolutionary car 

selling system’ by which OEMs would provide their customers 

the possibility of programmed COT over an extendable service 

time bundled to the car they sell or alternatively the mobility 

service associated to the vehicle they ‘rent’ or ‘lease’(analogy to 

the ‘evolutionary military acquisition system’ of the US Depart-

ment of Defense, 2003). As such, car makers would enhance 

customer’s loyalty by postponing their investment in a new car 

over longer periods while the car maker would guarantee a pe-

riodic system refi tting through COT. Importantly, COT would 
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be encouraged if (and when) car owners would have to pay for 

their carbon and environmental footprints, in the sense that 

they would be running in fi ne tuned cars equipped with cleaner 

technologies.
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