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TECHNOLOGICAL INNOVATIONS, REMANUFACTURING AND GREEN ACCOUNTING 

 

This article uses a vintage capital theoretical framework to investigate how technological 

innovations and remanufacturing can affect national and green accounting differently, and how 

green (Pigouvian) taxes can promote remanufacturing and improve social welfare, in agreement 

with circular economy and sustainability principles. Technological innovations embodied in new 

capital vintages lead to increases in productivity but also to natural resources extraction and waste 

when capital of new vintages is produced and capital of older vintages is discarded. 

Remanufacturing can reduce social costs of innovations by allowing embodiment to happen with 

less resources extraction and waste, but it can increase private costs of production and decrease 

productivity, so the trade-offs between social and private costs need to be evaluated. National 

accounting measurements of economic output do not fully consider social costs, while green 

accounting measurements, when correctly defined, are more representative of social welfare. 

Modeling the phenomenon is important because it allows for better understanding of the effects of 

remanufacturing on economic output and social welfare, and because it offers conceptual 

guidelines for the development of systems of green accounting and for the design of green taxes. 
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1. TECHNOLOGICAL INNOVATIONS: FROM A LINEAR TO A CIRCULAR ECONOMY 

1.1. Technological Innovations and Vintage Capital 

An extensive literature on technological innovations and economic growth tries to capture the 

effects of technological progress on growth dynamics by addressing Solow’s observation (Solow, 

1960) that innovations must be embodied in new vintages of durable equipment (vintage capital) 

before they can be effective. The idea is that technological change affects output only if it happens 

due to net capital formation or replacement of old vintages of equipment by latest models. 

 Economic growth based on vintage capital replacement can be characterized by accelerated 

and non-exponential depreciation due to obsolescence, gestation lags, and learning by using 

(Benhabib & Rustichini, 1991). Technological progress embodied in new vintages of capital can 

create macroeconomic volatility due to what is called replacement echoes: the ability of an 

economy to reproduce its own history (Boucekkine, Germain, & Licandro, 1997; Boucekkine, 

Licandro, Puch, & Del Rio, 2005). In a vintage capital economy, capital replacement may recreate 

previous periods of intense investment due to waves of obsolescence. 

 Vintage capital theory is supported by the empirical observation that price of capital 

declines steadily and rapidly compared to what would be expected without technological progress 

and embodiment (Dekle, 2001). Some authors like Hart (2004) have investigated how vintage 

capital is important for the understanding and promotion of transition to green (cleaner) 

technologies. Vintage capital theory and models have also been successfully applied to explain 

similar phenomena related to vintage human capital (Boucekkine, De La Croix, & Licandro, 2011), 

finding connections between technological diffusion, inequality, demographics and economic 

growth. 
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 Technological progress through the embodiment of new technologies in vintage capital can 

on the other hand amplify environmental damage created by manufacturing in a linear economy 

based on extraction, processing and discarding. This happens because, as explained in Benhabib 

& Rustichini, (1991) and in Dekle (2001), capital depreciation due to obsolescence progresses at 

a faster rate than what would be expected in an economy without technological progress. This 

aspect of technological innovation has not yet received as much attention from economists and 

environmental scientists as it probably deserves, so the objective of this article is to complement 

and bridge the literature by investigating the connections between vintage capital, 

remanufacturing, circular economy and green accounting. 

 

1.2. Remanufacturing and Circular Economy 

The literature on remanufacturing has grown significantly during the last four decades. A counting 

of articles that include the word “remanufacturing” in their titles (retrieved on January 24, 2017) 

gave 51 articles between 1978 and 1987, 150 articles between 1988 and 1997, 940 articles between 

1998 and 2007 and 2420 articles between 2008 and 2017. Still, the literature emphasis has 

traditionally been on problems of logistics, marketing and management, and only recently of 

sustainability. Economists however have been particularly absent from investigations in this field: 

a search involving the journals of the American Economic Association, for example, for articles 

where “remanufacturing” appears on titles and abstracts, returned no results for a period covering 

the last eighteen years. 

 Examples of remanufacturing literature with a systemic approach are given by Sarkis & 

Rasheed (1995) and Nasr & Thurston (2006), where the latter explores the connections with 

sustainability.  
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 Circular economy research is one of the fields where remanufacturing has been receiving 

intensive attention. The Ellen MacArthur Foundation (2012) defines circular economy as “an 

industrial system that is restorative or regenerative by intention and design. It replaces the ‘end-

of-life’ concept with restoration, shifts towards the use of renewable energy, eliminates the use of 

toxic chemicals, which impair reuse, and aims for the elimination of waste through the superior 

design of materials, products, systems, and, within this, business models.” 

 Chinese scholars are among the pioneers in circular economy research, as explained in 

Yuan, Bi & Moriguichi (2006) and in Murray, Skene, & Haynes (2015). Detailed historical 

overviews and descriptions of different areas in circular economy research are found in Ghisellini, 

Cialani, & Ulgiati (2016), Lewandowski (2016), Geissdoerfer, Savaget, Bocken, & Hultink (2017) 

and Winans, Kendall, & Deng (2017). The case of circular economy in the manufacturing industry 

is investigated in Lieder & Rashid (2016), with strong emphasis on remanufacturing. A short and 

accessible review is provided in Stahel (2016). 

 Circular economy core concerns include premature obsolescence and remanufacturing, and 

vintage capital models are particularly well-suited to analyze these two subjects. Technological 

innovations embodied in new capital vintages lead to increases in productivity but also to waste of 

resources when capital of previous vintages is discarded. Remanufacturing may reduce the 

negative impacts of innovations by allowing embodiment to happen with less resources waste and 

environmental damage. Remanufacturing, on the other hand, may increase costs of capital and 

labor employed in technological upgrading of old capital vintages (Ferrer & Ayres, 2000; Walsh, 

Waugh, & Symington, 2015), hence trade-offs between resource savings, environmental damage 

and replacement costs need to be evaluated. 

 



5 

1.3. National and Green Accounting 

Systems of National Accounts (SNA, see for example United Nations, Commission of the 

European Communities, International Monetary Fund, Organisation for Economic Co-operation 

and Development, & World Bank, 2009) normally do not measure or fully measure natural 

resources (material) productivity and stock changes. Losses caused by resources waste and 

environmental damage resulting from accelerated obsolescence tend therefore to bias upward total 

factor productivity (TFP) and output gains due to technological innovations. Systems of green 

accounting, such as the System of Environmental Economic Accounting (SEEA), offer a more 

precise picture of those gains or losses. Modeling technological innovations is important not only 

because it allows for better understanding of the effects of remanufacturing on productivity and 

economic output but also because it provides better conceptual guidelines and justifications for the 

development of systems of green accounting. 

 

2. A SIMPLE VINTAGE CAPITAL MODEL WITH REMANUFACTURING 

2.1. Manufacturing and National Accounting 

In what follows a model will be used to investigate the trade-offs between social and private costs 

under manufacturing and remanufacturing. The model is intentionally built to capture the main 

features of the investigation with a minimum amount of structure, so a fixed factor proportions 

(Leontief production function) based on Solow, Tobin, von Weizsäcker, & Yaari (1966) is chosen. 

 Figure 1 presents the causal connections among relevant variables. Production depends on 

factors capital Kv, labor L (assumed constant) and natural resources extraction Nv. Output Yv and 

environmental damage Wv due to waste and pollution are produced. Environmental damage Wv 

measures negative externalities as equivalent amounts of consumption losses. Output Yv has two 
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components, consumption Cv and investment Iv. Capital Kv of vintage v becomes obsolete at the 

end of each vintage cycle and is therefore discarded, contributing to Wv. New capital Kv+1 of 

vintage v+1 is built during vintage cycle v with investment Iv and is deployed at the beginning of 

the next cycle.  

Figure 1 

 

 The production function is defined as 

�� = �(��, �, ��, �) = min �
��

�
��, ����,

1

�
���, 

where parameters s and  determine relative productivities among factors. Production is described 

as employing fixed factor proportions, and embodiment of technology in new vintages of capital 

v is assumed to increase productivity of labor (labor-saving technological progress), as in Solow 

et al. (1966). 

 The entire capital stock Kv is discarded at the end of the vintage cycle v, and, because L is 

fixed and technological progress saves labor, the amount of effective labor available for production 

increases with every new capital vintage. Investment in the new capital vintage necessary to 

replace the discarded vintage needs therefore to consider the increase in effective labor, 
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�� = ���� = ����. 

 Extraction of natural resources is assumed to not face short-term limits and to ignore long-

term depletion or exhaustion. This myopic behavior of planners in a centralized economy, or 

agents in a decentralized economy, is assumed to be the result of market and government failures. 

It could be caused by the tragedy of the commons (Hardin, 2009) combined with lack of concern 

for greenaccounting, as will be discussed later. Mispricing is expected in this situation (Costanza 

et al., 1997) so, to reduce parameterization and complexity, the relative price of natural resources 

is normalized as equal to one and assumed to not change with v. These oversimplifications concern 

sustainability, limits to growth and the future path of social welfare, but a more detailed description 

and evaluation will be left to future investigation. 

 Under these assumptions, maximum output is 

�� = ����, 

while 

�� =
�

��
�� = ���(���)�, ��� �� = ��� = �����, � < 1. 

 Growth is exogenously determined by technological embodiment in new capital vintages 

and the growth rate is equal to  per vintage cycle. Investment and consumption are 

�� = ��� = �����, ��� �� = �� − �� = (1 − �)�� = (1 − �)����, 

where parameter s represents a constant saving rate. 

 Additionally, environmental damage is defined as equivalent to a proportion of production, 

�� = ��� = �����, � < 1, 

and the Net Domestic Product (NDP) national accounting identity, which is equal to Gross 

Domestic Product (GDP) minus capital depreciation, is 

�� = �� + �� − ��. 
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2.2. Remanufacturing and National Accounting 

What happens if instead of linear production processes (extract, manufacture and discard) the 

economy adopts remanufacturing processes in agreement with circular economy principles? 

Define the remanufacturing production function as 

��� = �(���, �, ���, �) = �� ����, �,
�

�
���, �� = � min �

��

�
���, ����,

1

�
���� , 

and environmental damage with remanufacturing as 

��� = ����, 

where parameter  represents the change in total factor productivity (TFP), parameter  determines 

natural resources productivity, and parameter  determines environmental damage as a proportion 

of output. 

 Notice that remanufacturing in this model is the embodiment of new technologies in older 

vintage capital that is brought to like-new condition, justifying its inclusion in investment and 

capital formation accounts (United Nations et al., 2009). 

 As discussed in the previous section, remanufacturing reduces social costs of production 

due to lower amounts of natural resources extraction and waste, following circular economy and 

sustainability principles. Per the specialized literature there is no question that remanufacturing 

improves resource productivity and reduces environmental damage (Stahel, 2000; Giantine & 

Gaudette, 2003; Statham 2006). Therefore, it will be assumed in what follows that  <  and  < 

. TFP however may fall due to increased costs of production. The existing literature is not too 

clear concerning this point, some suggesting that remanufacturing has the potential to increase 

TFP (Giantine & Gaudette, 2003), but others are somewhat more cautious offering evidence that 

labor and capital costs could be higher and TFP could be lower (Ferrer & Ayres, 2000; Walsh et 

al., 2015). It will be conservatively assumed then that TFP falls under remanufacturing, so  < 1. 
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 Under those assumptions maximum output is 

��� = ����� < ��, 

while 

��� =
�

���
��� = ���(���)� = ��, ��� ��� = ���� = ������ < ��. 

 Due to the model’s assumptions, production will be lower with remanufacturing, although 

growth and capital stock remain unchanged. Extraction of natural resources will be lower with 

remanufacturing. Investment and consumption are 

 ��� = ���� = ����� = ��, ��� ��� = ��� − ��� = (� − �)���� < ��, ( 1 ) 

therefore, in relative terms, consumption falls more than output. This happens due to the need to 

accumulate equal amounts of capital under manufacturing and remanufacturing. 

 Environmental damage is lower, 

��� = ���� = ������, 

and the NDP national accounting identity is 

��� = ��� + ��� − ���. 

2.3. Manufacturing and Green Accounting 

Consider now the evaluation of production and social welfare per green accounting as discussed 

in the previous section. Green accounting would add two elements to the national accounting 

identities presented in the two previous subsections: depletion of stocks of natural resources and 

environmental damage. In the case of manufacturing the Environmental Domestic Product (EDP) 

green accounting identity becomes 

��� = �� + �� − �� − (�� − ��
∗) − �� < ��, �� > ��

∗, 

where N*
v represents the maximum sustainable yield (MSY) of the natural resources system. 

Notice that in this article, due to its assumptions, EDP is always lower than NDP. 
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 In this simplified description, it is assumed that extraction of natural resources runs above 

MSY and reduces natural resources stocks and, consequently, natural resources wealth. MSY can 

change over vintage cycles so it may represent not only excessive extraction of renewable 

resources but also slowly dwindling extraction of nonrenewable resources as described, for 

example, by the Hotelling rule (Devarajan & Fisher, 1981). Environmental damage, such as 

pollution and waste, is assumed to negatively impact wealth and social welfare in the same manner 

of negative consumption.  

2.4. Remanufacturing and Green Accounting 

In the case of remanufacturing the EDP green accounting identity becomes 

���� = ��� + ��� − ��� − (��� − ���
∗ ) − ��� < ���, ��� > ���

∗ , 

where, as in the case of manufacturing, EDP is always lower than NDP. As shown in section 2.2, 

NDP for remanufacturing in this article is always lower than NDP for manufacturing. In the case 

of EDP however it must be considered that 

���� − ��� = [(� − 1) + (� − ��) + (� − ��)]����, 

and, consequently, remanufacturing EDP will be larger than manufacturing EDP when 

 (� − 1) + (� − ��) + (� − ��) > 0. ( 2 ) 

 

3. A LEVEL PLAYING FIELD FOR REMANUFACTURING 

3.1. Market and Government Failures as Handicaps 

As seen in the previous section, in this model remanufacturing NDP is always lower than 

manufacturing NDP, but remanufacturing EDP can be higher than manufacturing EDP. Two 

different and realistic problems are captured by this model. The first is a market failure (Bator, 

1958; Chaudhuri, 1990). Agents in a decentralized economy maximize private consumption 
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without internalizing external costs, and as such are prisoners of an inferior social welfare 

equilibrium. 

 The second problem is government failure (Chaudhuri, 1990; Le Grand, 1991; Anthoff & 

Hahn, 2010). In this case, at least three mechanisms may play a role. First, in a centralized 

economy, planners may mirror the behavior of agents that maximize consumption instead of social 

welfare, for example, if they proxy medium voter preferences (Holcombe, 1989). Second, even if 

planners are willing to maximize social welfare instead of consumption, they may lack knowledge 

or information about economic activity and functioning to optimize it (Von Hayek, 1975). And 

third, incorrect specification of property rights may lead to situations where individual or collective 

actions have a negative impact on social welfare (Schlager & Ostrom, 1992). 

 All the problems above can be seen in this simple model. Agents in a decentralized 

economy will not internalize environmental damage external costs. Planners in a centralized 

economy may also not have the right political incentives to do it, and the broad use of NDP instead 

of EDP to evaluate policies means that planners efforts are systematically misdirected by 

inadequate conceptual frameworks and measurements of economic activity. Finally, bad 

specification of property rights concerning environmental damage compensation and natural 

resources management may lead to extraction of natural resources above MSY. 

 It will be assumed that inequality ( 2 ) holds in what follows. In this economy, 

manufacturing NDP and consumption are higher than remanufacturing NDP and consumption, but 

remanufacturing EDP and social welfare are higher than manufacturing EDP.  The index i is used 

to represent agents’ decisions, or planners’ decisions that mirror agent’s decisions. In this case, 

from ( 1 ), 

���� = (� − �)����� < ��� = (1 − �)�����, 
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therefore, individuals or planners always choose manufacturing over remanufacturing because 

under the latter consumption is always lower. Agents are caught in a prisoner’s dilemma due to 

lack of mutually beneficial coordination and collective action (Constanza, 1987). 

3.2. Leveling the Playing Field with Green Taxes 

Remanufacturing becomes a desirable process when agent’s choices are individually and socially 

optimal. This is achieved by changing incentives, for example, with green (Pigouvian) taxes. 

Because green taxes internalize external costs, they give agents a coordination incentive that serves 

to align individual interests with social welfare (Baumol, 1972). 

 Suppose, for example, that green taxes Tv are levied on excessive natural resources 

extraction and on environmental damage, following Pigou’s recommendations, and that revenues 

are redistributed to economic agents as lump-sum subsidies Sv, such that 

 �� = �� = �� − ��
∗ + ��. ( 3 ) 

 Economic agents perceive tax payments as a penalty on taxable activities, while subsidies 

are not affected by their actions due to their lump-sum nature. Therefore, under the perspective of 

a representative agent, the manufacturing consumption function becomes 

��� = (1 − �)����� − ��� + ���, 

while the remanufacturing production function becomes 

���� = (� − �)����� − ���� + ���, 

and consequently 

���� − ��� = (� − 1)����� + (��� − ����) + (��� − ����) 

or, from inequality ( 2 ), 

 ���� − ��� = [(� − 1) + (� − ��) + (� − ��)]����� > 0, ( 4 ) 
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meaning that, when the green tax defined in ( 3 ) is levied, the agent’s perspective is that 

consumption is guaranteed to increase with remanufacturing. In other words, a Pigouvian tax on 

excessive natural resources extraction and environmental damage gives the agents the exact 

amount of incentives that is needed for a transition to remanufacturing to take place. 

 Adopting remanufacturing is a dominant strategy for agents or planners that proxy them, 

because once the economy has transitioned to remanufacturing the consumption functions under 

the perspective of the agents become 

��� = (1 − �)����� − ��� + ����, 

and 

���� = (� − �)����� − ���� + ����, 

meaning that the inequality in ( 4 ) remains unchanged, and agents will still prefer remanufacturing 

over manufacturing. This is proof that the adoption of a green tax is a solution to the model’s 

prisoner’s dilemma. 

3.3. Leveling the Playing Field with Green Accounting 

 Planners may not have the right incentive to levy the green tax described by ( 3 ) due to the 

government failures discussed in subsection 3.1. Improved measurements of production, wealth 

and social welfare that take into account the social and environmental pillars of sustainability are 

necessary for informed and rational decision making by planners and to inform agents on the 

benefits of such decisions. The development and use of EDP instead of NDP, with emphasis on 

industry applications such as remanufacturing, is thus important for the design of better systems 

of property rights applied to natural resources management, and to accelerate the transition from a 

linear to a circular economy. 
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4. CONCLUSIONS 

The article investigated how technological progress related to the embodiment of technology in 

newer vintages of capital, which depreciate at an accelerated rate due to obsolescence, leads to 

excessive exploitation of natural resources and to environmental damage. It was shown that these 

negative effects on social welfare can be reduced with remanufacturing, but also that, even though 

remanufacturing increases natural resources productivity and social welfare, it may also increase 

labor and capital costs of production and reduce total factor productivity (TFP), output and 

consumption. 

 In the case of reduced TFP, private costs calculations make agents in a decentralized 

economy, or planners that proxy their interests in a centralized economy, decide against the 

transition to remanufacturing, remaining stuck in a prisoner’s dilemma. It was shown that this 

happens due to market and government failures. Two solutions were proposed: a green tax levied 

on excessive natural resources extraction and on environmental damage, and the use of green 

accounting instead of national accounting to measure economic activity and social welfare, with 

special emphasis on the correct measurement of industry activities that improve social welfare 

such as remanufacturing. These results suggest that the use of green accounting is important for 

the design of better systems of property rights applied to natural resources management, and to 

accelerate the transition from a linear to a circular economy. 
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