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Abstract 
 

Discussions about green growth transition in 

Africa have mostly been silent on quantifying 

Africa's progress and assessing countries' 

“green" versus “brown" growth performance. 

We construct a measure of Africa's green 

growth performance using an emissions-

adjusted production technology framework 

that jointly accounts for the production of 

desirable and undesirable outputs over the 

period 2000-2019. We also identify the 

important country-level characteristics that 

drive green productivity growth. The 

computed green Malmquist-Luenberger 

productivity indexes penalize countries for 

the production of  “bad” outputs and credit 

countries for the reduction in emissions and 

production of “good" outputs. Our main 

results indicate that Africa's productivity 

growth is overstated when undesirable 

outputs are ignored in the measurement of 

Africa's growth performance. Second, it is 

technological progress and not efficiency 

change—i.e., the catch-up effect—that has 

been the primary source of Africa's green 

economy transition, implying a reduction in 

the gap to the technological frontier for most 

countries. Our analysis of the drivers of green 

growth shows that high-income levels, trade-

embodied R&D, and domestic R&D are the 

main enablers of green growth, while high 

energy intensity is the main barrier to green 

productivity growth. We also find evidence 

of nonlinearities between income level and 

green growth performance, consistent with 

the environmental Kuznets curve hypothesis. 

The paper ends with far-reaching policy 

recommendations for accelerating Africa’s 

green growth transition.  
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1 Introduction

Since the 2012 Rio+20 Conference on Sustainable Development, ‘greening the world

economy’ has become central to the UN’s Sustainable Development Goals, the African

Union’s Agenda 2063 and other global and regional development strategies (OECD, 2011;

UN, 2012). This centrality is inspired by the increasing awareness that green growth is

the essential ingredient for any sustainable development strategy that delivers win-win

outcomes for society in the sense that green growth seeks to protect the environment while

accelerating the pace of economic growth. It is this potential complementarity between

environmental protection and sustainable growth, spurred by innovation and productivity,

rather than the trade-offs between economic growth and environmental protection that

has made the concept of green growth increasingly attractive to policymakers over the

traditional environmental protectionist approaches that conservatively seek to protect the

environment at the expense of the much-desired growth in developing economies. Because

of this increasing awareness, green growth transition and, more broadly, climate change

is being addressed in a growing number of fora across a wide range of scales covering

international, transnational, regional, national, and non-state agreements, with the Paris

Climate Agreement of 2015 encapsulating most of the international effort in this regard

(Stavins, Zou, Brewer, Conte Grand, den Elzen, Finus, Gupta, Höhne, Lee, Michaelowa

et al., 2014)

Although definitions of green growth abound in the literature, here we follow the often-

cited definition of the OECD (2011) that “green growth means fostering economic growth

and development, while ensuring that natural assets continue to provide the resources

and environmental services on which our well-being relies.” By following this definition,

it might seem that Africa is currently the greenest continent, given its relatively low

emissions intensity when compared to other regions of the world. As illustrated in Figure 1,

Africa’s carbon emissions intensity over time has been the lowest, accounting for barely

2 percent of world emissions despite having about 17 percent of the world’s population.1

This low position is simply a consequence of the continent’s level of poverty and the

heavy dependence on rain-fed agriculture, and not emissions-intensive industrial activities

(Barbier, 2016; Collier and Venables, 2012). However, there are increasing concerns that

the robust and dynamic growth experienced by many countries in the last two decades

is likely to be associated with increased emission intensity following the environmental

Kuznets curve (EKC) hypothesis (Stefanski, 2013).

Discussions on Africa’s transition to a green economy and its growth performance have

mostly ignored the environmental cost of the recent growth spurt. Rather, they have

focused more on Africa’s endowments in hydro and solar energy, the shortage of capital,

1South Africa has one of the highest emissions intensity in the world due to its coal endowment and
reliance on coal for electricity generation and other industrial activities.
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Figure 1: Emissions intensity over time: Africa versus Rest of the World
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Note: Carbon emissions intensity measured as the level of CO2 emissions per unit of economic activity. Historical data on
tons of CO2 emissions is retrieved from The Global Carbon Project site and data on GDP in constant 2011 dollars is from
the Madison Project Database.

skills and governance capacity (Collier, Conway and Venables, 2008; Collier and Venables,

2012), the additional policies needed to foster a green transition (Barbier, 2016), the poverty

and distributional implications of green growth (Dercon, 2014), and the political economy

of green growth (Resnick, Tarp and Thurlow, 2012). The literature and policy discussion

on green growth transition in Africa has mostly been silent about quantifying Africa’s

performance and progress on green growth and, apart from subjective expert consensus

views about the possible enablers and barriers of green growth, there are hardly any studies

that attempt to analytically identify the key drivers of green growth in Africa.

Given that Africa faces a disproportionate burden from the repercussions of climate

change (see Collier et al., 2008)2, proper measurement of progress towards green growth

2Africa is relatively more exposed to the repercussions of climate change because of the greater exposure
of its economic, natural and human systems to climatic factors, and its lower capacity to adapt. Particularly
vulnerable aspects include rain-fed agricultural systems that support livelihoods of a large proportion
of the region’s population, increasing urbanization caused by climate change that exposes people to a
variety of additional risks including outbreaks of infectious diseases, flash flooding and civil conflict (Burke,
Miguel, Satyanath, Dykema and Lobell, 2009; Collier et al., 2008; Serdeczny, Adams, Baarsch, Coumou,
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and the identification of the drivers of green growth is important to help gauge the

state of green growth transition and identify policy priorities for fast-tracking Africa’s

transition. This study investigates green productivity growth for a sample of 47 African

countries over the period 2000-2019. The main objective of the paper is twofold: first,

to provide an environmentally-sensitive assessment of Africa’s green growth performance

by simultaneously accounting for input resources used, desirable outputs produced, and

undesirable pollutants produced from the production process; and second, to use the

computed green growth performance indices as a means for identifying important country-

level characteristics that are associated with faster or slower green productivity growth.

Accurately measuring Africa’s green growth performance is important because progress

towards green economy transition is contingent on accurate measurement of the dynamics

of green growth that goes beyond the standard ‘brown’ productivity measurements that

do not account for the production of undesirable pollutants in the production process.

Also, identifying the determinants of green growth could provide valuable insight into

entry points for policy interventions that accelerate Africa’s green growth transition, taking

into account the existing structural peculiarities in the continent. The paper contributes

to the literature on Africa’s green growth transition by providing a metric that captures

Africa’s green productivity growth dynamics and its components as well as identifying

the important factors that enable or hinder green growth transition using non-linear data

envelopment analysis (DEA) and regression techniques, respectively. To our knowledge,

this is the first attempt to address these gaps in the literature for the region.

Our strategy for measuring and decomposing green growth performance is based on

the Malmquist-Luenberger index, which derives from directional distance functions (DDF)

that seek to expand the production of good outputs while simultaneously decreasing the

production of undesirable (bad) outputs by incorporating two important features: (i) ‘weak

disposability’ of the undesirable outputs and ‘null-jointness’ (Chung, Färe and Grosskopf,

1997; Färe and Grosskopf, 2004). We refer to this measure as the “green” productivity

growth index (Green TFP) because it accounts for the reduction in undesirable outputs

and emissions abatement efforts. The modification improves on the standard approach to

measuring productivity growth using Malmquist indexes that are based on Shephard output

distance functions and data envelopment analysis (DEA). It is so because it overcomes the

problem with the standard approach that expands the good and bad outputs proportionally

as much as is feasible in the same direction without crediting countries for reductions in the

production of bad outputs. We refer to the standard measure of productivity growth as the

’brown’ productivity growth because it does not account for the reduction in undesirable

outputs and emissions abatement efforts. Examples of recent empirical studies that apply

the Malmquist-Luenberger index to measure environmentally-sensitive productivity growth

include Yörük and Zaim (2005) for OECD countries and Kumar (2006) for some developed

Robinson, Hare, Schaeffer, Perrette and Reinhardt, 2017).
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countries.

Overall, our main findings indicate that Africa’s productivity growth is slightly over-

stated when undesirable outputs are ignored in the measurement of Africa’s growth

performance. Although the magnitude of the difference between the green and brown

productivity growth indexes are small when aggregated, formal testing shows that they are

statistically significantly different. These findings suggest that previous characterizations of

Africa’s growth performance that did not account for the environmental cost of economic

growth may have been misleading. Second, our results indicate that technological progress

has been the main source of Africa’s green economy transition and not efficiency change

nor the catching-up effect, implying a reduction for most countries in the technological gap

with the regional and, by extension, global technological frontier. The second stage analysis,

which seeks to identify the enablers and barriers to green growth in Africa shows that GDP

per capita (squared), trade-embodied R&D and domestic R&D are the main enablers of

green productivity growth, while low levels of income and energy intensity constitute the

main barriers to green productivity growth. The rest of the paper is organized as follows.

Section 2 presents a synthesis of scientific findings on drivers of green growth. Section 3

describes the methodology and data used in the study. Section 4 presents and discusses

the results, while Section 5 concludes.

2 Green growth drivers: A synthesis of the literature

The starting point for identifying the drivers (enablers and barriers) of green growth is

to take out the ‘green’ from growth and first examine the primary drivers of growth as

established in the standard growth literature. While there is broad agreement in the

economic literature on the basic enablers of and barriers to growth, there is little empirical

evidence on what may foster green growth. Surprisingly, unlike the standard growth

literature that emphasizes the central drivers of growth as a starting point for discussions

on the subject, the literature on green growth has mostly focused on describing the concept

and its intellectual heritage (Bowen and Fankhauser, 2011; OECD, 2011), analysing trade-

offs and the distributional consequences of green growth (Dercon, 2014), identifying the

costs and benefits of green growth (Harrington and Velez-Lopez Daniel, 2012), tracing

the transition process towards green economies (Vazquez-Brust, Smith and Sarkis, 2014)

describing country experiences of green growth (Han, 2015), advocating the use of green

money for sustainable development (Seyfang and Longhurst, 2013), recommending the

design of policies to promote green growth (OECD, 2011; Stiglitz, Sen and Fitoussi,

2009), tracing how green growth affects innovation and employment (Kunapatarawong and

Mart́ınez-Ros, 2016), and how consumption patterns vary with green growth (Lorek and

Spangenberg, 2014), among many others.

A thorough survey of the empirical growth literature by Durlauf, Johnson and Temple
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(2005) shows that there are about 145 important drivers of growth, and most of them

are found to be statistically significant in at least one study. Our objective here is not to

discuss the 145 drivers of growth; we rather seek to identify the important determinants of

green growth from a synthesise of the scientific literature. Our readings of the literature on

both economic growth and environmental sustainability point to six fundamental drivers

of green growth: (i) technology and innovation, (ii) skills and human capital, (iii) natural

capital endowments, (iv) markets, (v) institutions, and (vi) policies. We argue that it is not

merely the presence or absence of these factors that matters, but the quality, characteristics,

and the case-specific appropriateness of these factors that determine whether they function

as enablers or barriers to green growth. In what follows, we briefly elaborate on these six

generic drivers of green growth.

Technology and innovation

Innovation and technological progress are generally considered to be some of the strongest

enablers of green growth. Some studies have even advocated the use of the so-called green or

environmental technological innovation as an indicator for green growth (Capasso, Hansen,

Heiberg, Klitkou and Steen, 2019). Although technology can generally be viewed as a

driver of green growth, it is a technical innovation in specific fields that help to accelerate

green growth. Studies that focus on the role of specific technological innovations for green

growth show that ICT is a pervasive general-purpose technology (GPT) for the greening of

industries, firms and ecological systems (Capasso et al., 2019; Cecere, Corrocher, Gossart

and Ozman, 2014).

More broadly, technology as an enabler of green growth should be seen in a broader

context as the entire gamut of co-evolving “systems” including the processes of production

and consumption, the ecosystems, institutions, business strategies, and user practices

that facilitate the transition to greener growth trajectories. An important concern is the

so-called curse of technological progress—–that is, the possibility that the application of

technology could cause rebound effects leading to a reversal of gains towards green growth.

This might occur as the use of new technology makes it possible to increase consumption by

so much that the emissions and resource savings from the deployment of the new technology

are outweighed by the environmental damage caused by the increase in consumption levels

(Smulders, Bretschger and Egli, 2011; Smulders, Toman and Withagen, 2014). Additionally,

a country’s productivity growth depends on both its own stock of R&D and its trade

partners’ R&D stock as shown by (Coe and Helpman, 1995). Put differently, a domestic

economy will benefit directly through learning new technology and incorporating it into the

production and organizational methods, as well as absorbing the indirect benefits accruing

from bilateral importation of goods and services from foreign partners.
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Skills and human capital endowment

The skill endowment and knowledge base of an economy is the core foundation for the

transition to green growth—the abundance of it could be an enabler while the lack of it

could be a barrier to the process. The relevant level of education for green growth is tertiary

education, because universities provide the high-level knowledge and skills needed to drive

green growth in a country or region. Recent case studies in the United States show how

the concentration of US universities in Boston and Toledo have had an important role in

supplying local green energy clusters and clean-tech niche industries with skilled workforces

Calzonetti, Miller and Reid (2012); Gibbs and O’neill (2014). An abundant workforce

skilled in science and IT enables entrepreneurs to be more prone to transforming towards

more sustainable business models, and branching off into new fields of green technologies,

which underscores the importance of education expenditures for green growth (Capasso

et al., 2019). In some cases, it is not simply the abundance of science and IT-related skills

that is required to make the transition, but rather the ability to strategically combine the

multidisciplinary skills available to drive green growth.

The absence or presence of skills for greening growth could also be considered from

the reverse side by asking the question: in the presence of green industries, what kinds of

skills matter the most? This was the exact approach that Consoli, Marin, Marzucchi and

Vona (2016) used when studying the skills requirements for green industries in the United

States. They find that it is the non-routine analytical skills that are more important for

occupations in existing green industries to become more sustainable and the technical and

manual skills for the emerging green industries, whereas routine analytical skills are much

less important for greening industries and hence growth. The insight from their study is

to focus more on on-the-job training rather than classical tertiary education, which may

provide routine but “wrong” skills for greening the economy, which in turn depends on the

existing industrial structure of an economy. Moreover, policymakers also need to have the

required skills to monitor progress on green growth. But in general, it is not only workers

and policymakers that require the skills and knowledge to transition to green growth, the

general public (especially consumers) also need to be equipped with certain kinds of skills

and knowledge to facilitate greening economic activities. Recent studies have shown that

political awareness and democratic participation can facilitate green growth because they

limits the influence of vested interests impeding green growth, and education related to

self-consciousness of the environment and sustainability helps people make responsible

economic choices that expand the pathways to green growth (Capasso et al., 2019).

Natural capital endowment

Green growth may be enhanced or inhibited by certain configurations of the availability,

scarcity, use, consumption, and deployment of natural capital within the ecological system.
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One of the key findings in the literature on the role of natural capital in greening economic

activity is that declining resource availability, which could be reflected in rising fossil fuel

prices, would stimulate investments in green energy and drive a transition to innovative

green sectors (Bretschger and Smulders, 2012). On the flip side, the availability of certain

types of natural capital (sun, water, wind, etc.) may offer new opportunities for greening

growth. But it is not just the scarcity or abundance of the resource that determines its

impact on green growth, but also the method of resource extraction and use. For example,

the harvesting of a renewable resource such as timber may be done sustainably through

short-rotation methods or unsustainably through continuous harvesting of mono-cultures.

One important twist in relation to using green natural capital such as biomass to power

economic activity is that it may have negative nutritional consequences through reduced

food supplies and increased food prices (Fan and Brzeska, 2016).

Markets

The role of markets in greening growth is pervasive, but three broad features of the structure

of markets are significant for understanding the transition to green growth: the size and

quantity of markets, the quality of markets and the interplay between markets and policies.

The quantity of the market refers to the level of development and competition existing in

the market, measured by variables such as income, growth, and population size. These

factors under certain conditions may help to drive green growth. Higher-income countries

provide a more conducive market to deploy green technologies since consumers are more

likely to afford the relatively more expensive green technologies than low-income consumers

(De Medeiros, Ribeiro and Cortimiglia, 2014). Another aspect of the market has to do with

the quality. This deals with the types of firms and organizations operating in a country

and if their intrinsic characteristics motivate them to green their activities. Some studies

have highlighted the role of formal and informal business affiliations, such as agglomeration,

joint ventures, venture capital and FDI in general, in driving environmental innovation,

for example, among Korean manufacturing SMEs (Capasso et al., 2019). There are also

studies that suggest that the listing status of SMEs on the stock market may be positively

associated with the greening of its activities, as management is likely to be held accountable

by stakeholders on its corporate social responsibility of adopting sustainable approaches.

The main concern here is that large markets may cause the rebound effects to kick-in,

which might erode efficiency gains made from the environmental innovations.

Institutions

By institutions here, we mean both formal and informal institutions and their role as

enablers or barriers to green growth. Informal institutions include the dominant cultural

and professional habits, especially those related to consumption and waste management.
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Studies like De Medeiros et al. (2014) provide evidence that informal institutional charac-

teristics such as cultural heterogeneity, language barriers, communication problems may

constitute barriers to greening growth by restricting opportunities related to green growth

to geographical or demographic groups. Other factors such as family size (population

growth), fertility rates, waste management practices could be an enabler or barrier for

green growth. Formal institutions, on the other hand, refer to the manner in which the

apparatus of governance, including the policies and processes of government, could act as

a hindrance or helper for green growth. South Korea is often held up as the beacon of

formal institution-led greening process, from the setting up of green growth committees and

laws to the establishment of strong regulatory frameworks and decision-making processes.

Formal institutions at the regional and city levels have also been shown to be important

for greening growth. Gibbs and O’neill (2014) show how several aspects of city-level

formal institutions such as city climate action programmes, green construction standards,

incubator spaces, platforms for auctioning carbon in the energy sector, and lobbying can

accelerate the green transition. In addition, institutions are also important for determining

the environmental trajectory of growth, whether green or brown Acemoglu (2010)

Policies

Policies play an important role in green growth transitions. The concern, however, is that

it is difficult to disentangle the distinctive effects of policies on green growth. In a novel

attempt, Musolesi and Mazzanti (2014) show empirical evidence that supports the notion

that policies are important in reducing CO2 emissions but when they zoom in on the Kyoto

protocol, one of the most significant global environmental policies in the 21st century, they

could not find any evidence that the protocol had caused a structural break in the level of

global carbon dioxide emissions. Therefore, there are controversies about the right and

effective policy instruments for driving green growth. Should policymakers favour the use

of fees, or taxes, or environmental regulations to incentivise green innovation or should they

allow market forces to drive incentives? There are no definitive answers to these questions.

The important question in using green growth policies is to decide when a demand-pull or

technology-push instrument is more appropriate. The good aspect of demand-pull policies

is that they go beyond technology and innovation to address informal institutions such as

consumption and waste management habits, ethical marketing, producer-responsibility, fair

trade, and so on. Technology-push instruments are especially useful for certain industries.

In manufacturing, for example, the costs arising from environmental regulation could

initially have negative effects on productivity and hence profits, but firms would respond

by seeking more regulator-friendly technology, which could support green growth. It is not

only the policy in themselves that matter, but also the comprehensiveness and credibility

of the policies, and its consistency and coherence across geographies are in harmony. The
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bottom line is that approaches towards green growth policies should not seek to adopt

a one-size-fits-all method, but a flexible and heterogeneous policy mix, with governance

mechanisms coordinated at the regional, national, and global levels.

3 Methodology

3.1 Theoretical foundations for modelling green growth

Since green growth is about making growth more resource-efficient, cleaner, and resilient

without slowing its tempo, any analytical foundations for modelling green growth should

derive from the traditional (neoclassical) growth theory with adaptations that incorporate

environmental considerations. Building on the Solow-type, neoclassical growth theory

(Solow, 1956), let (Y ) represent output produced using technology and human capital, (A),

labour, (L), and physical capital, (K).

Y = f(A,L,K), (1)

where output growth ∆Y/∆t is explained by growth in productivity, Ȧ, and growth in

production inputs—capital, K̇, and labour, L̇. Growth in labour is driven by a combination

of population growth, increased labour force participation, and improvements in health

and education. Growth in capital stock, K̇, is driven by investments, with a fraction of

capital deducted from the level of investments to account for obsolescence and depreciation.

Finally, growth in Ȧ is explained by technological change, including broad measures of

technology such as improvements in managerial and organizational efficiency, institutions,

social capital, and so on. The first generation of these Solow-type models assumed that

total TFP and labour were exogenous, while the augmented versions (Mankiw, Romer

and Weil, 1992; Romer, 1994) endogenized productivity growth by making it a function of

investments in education, research and development, and learning by doing. This baseline

formulation, so far, does not account for the productive role of the environment or the

green aspects of growth.

To introduce the environmental and green aspects of growth, we follow the formulation

in Smulders et al. (2014) and Hallegatte, Heal, Fay and Treguer (2012). The idea is that

the services provided by the ecosystem—beyond the natural amenity roles they play—make

the environment a type of natural capital directly required for growth. However, because

natural resources and the environment have a finite ability to replenish and absorb waste,

they impose a constraint on growth. Therefore, environmental management is necessary and

is a type of productive investment comparable to investment in physical capital. Inefficient

environmental management results in faster-than-optimal depreciation of natural capital,

which would have direct impacts on output and its growth rate. The green-augmented
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production function with environmental management now becomes

Y = f(A,L,K,E). (2)

The fundamental inquiry in this framework is to determine the extent to which environ-

mental services (capital) are directly substitutable or complementary to other production

factors. This relationship would be governed by the elasticity of substitution between

environmental capital and other factors of production. If both classes of factors are directly

substitutable, then the destruction of the environment can be compensated for by labour

and capital deepening and technological progress; but if they are complementary, as is

often the case for most production processes, then environmental management is necessary

for green and sustainable growth.

To be concrete, assume we aggregate factors into two classes of inputs for the production

process: natural capital, E, and other inputs, O, which collects together both labour and

capital. If there is low elasticity of substitution between natural capital and other inputs,

it implies that a small increase in one class of factors can free up large quantities of the

other. Thus, if natural capital is scarce, for example, and the elasticity of substitution is

near zero, then the ratio of the marginal product of natural capital to that of other inputs

would be very high. Formally, using a constant elasticity of substitution (CES) production

function

Y = A
[
αO1− 1

φ + (1− α)E1− 1
φ

] φ
φ−1

(3)

by taking the partial derivatives with respect to the two classes of production inputs, we

obtain the relationship between the marginal product of natural capital and other capital

as

MPE = MPO

(
1− α
α

)(
O

E

) 1
φ

(4)

The bottom line is that the marginal product goes to infinity as the ratio of O to E

increases and as the elasticity of substitution goes to zero, and so the marginal value of an

additional unit of environmental capital gets larger and larger as environmental capital gets

scarce and other inputs get more abundant. Thus, if all market failures were accounted for

and environmental externalities are fully internalized, environmental assets would be priced

at market value and then it would be possible to calculate the so-called “green GDP” by

simply introducing the market price of the environment into national accounts (Hallegatte

et al., 2012). But because prices are typically unavailable for environmental assets and

their services, one needs to devise a way of measuring an economy’s productivity that

captures both the “desirable” marketed output measured by GDP and the “undesirable”
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outputs from environmental exploitation and pollution, which do not have readily available

market prices.

3.2 Modelling the joint production of good and bad outputs

The basic environmental problem is that given available production technology, the pro-

duction of desirable output, such as the components of GDP, is often simultaneously

associated with undesirable by-products such as SO2 and CO2 emissions. Because these

by-products are not readily marketable, countries that restrict the production of these

undesirable outputs are not typically credited for their emissions reduction when standard

productivity and efficiency measures are used. Thus, countries that adopt climate-friendly

growth strategies by using renewable energy sources with costlier entry implications, for

example, would appear to be less productive and growing at a slower rate than others that

do not actively reduce the undesirable by-products from their production. However, since

these undesirable outputs are typically not marketed, there are no readily available prices,

which precludes the use of standard dual models such as revenue and profit function, and

Tornqvist and Fisher indexes. Rather, it makes it appropriate to use primal models such

as radial distance functions and directional distance functions that rely only on quantity

data and no prices to construct the relevant measures.

Let P (x) denote the feasible production technology that is producible from the input

vector x ∈ RN
+ . Output is distinguishable between a set of desirable output y ∈ RM

+ and

undesirable output b ∈ RJ
+. Technology can be described in a general form via the output

sets as

P (x) = {(y, b) : x can produce (y, b)}. (5)

This production technology is assumed to have two important characteristics. First, it is

“null-joint”, that is, if any positive amount of the desirable output is to be produced, then

some bad output must also be produced. If no bad output must be produced, then zero

or null desirable output would also be produced. Formally, the production technology is

null-joint if:

(y, b) ∈ P (x), b = 0 implies that y = 0

Second, there is “weak disposability of outputs”, which means that undesirable outputs

cannot be disposed of costlessly. That is, if undesirable outputs are to be decreased, then

the desirable outputs must also be decreased, holding inputs constant. Formally,

(y, b) ∈ P (x) and 0 5 θ 5 1, imply (θy, θb) ∈ P (x) (6)

An alternative interpretation of the weak disposability assumption is that if we hold
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inputs constant, then “cleaning up” undesirable outputs will occur at the margin through

reallocation of inputs away from the production of desirable outputs (Färe and Grosskopf,

2004).

The assumption of “null-jointness” and ”weak disposability of outputs” are integrated

into the production technology using a nonparametric approach based on data envelopment

analysis (DEA) following Färe and Grosskopf (2006) and Chung et al. (1997). In particular,

assume that there are k = 1, . . . K observations of inputs and outputs (xk, yk, bk), then we

can construct the technology for producing observation k
′

as

D0(xk
′
, yk

′
, bk

′
) = max θ :

s.t :
∑K

k=1 zkykm = θym, m = 1, . . . ,M,∑K
k=1 zkbkj = θbj, j = 1, . . . , J,∑K
k=1 zkxxm 5 xn, n = 1, . . . , N,

zk = 0, k = 1, . . . , K}

(7)

where zk are the intensity variables, which are constrained to be nonnegative in order to

impose constant returns to scale.3 The idea that the undesirable outputs are not freely

disposable is captured by the strict equality restriction on the constraints for undesirable

outputs bj = 1, . . . , J , which, under constant returns to scale, implies costly disposal of

undesirable outputs (see Färe and Grosskopf, 2006, for a proof). Free disposability of

the desirable outputs and the inputs are captured by the inequality restrictions on their

respective constraints. Null-jointness is imposed via the following restrictions on the bad

outputs: ∑K
k=1 bkj > 0, j = 1, . . . , J,∑J
j=1 bkj > 0, j = 1, . . . , K.

(8)

The first line in Eq. (8) imposes the condition that each bad output is produced by at least

one country-level decision-making unit (DMU) and the second set of conditions states that

each country-level DMU produces at least one bad output.

3.3 Measuring green productivity and its components:

Malmquist-Luenberger Index

Having formalized the environmental DEA technology, the next step is to construct a

metric for the environmental performance of the country-level DMUs. Since we wish to

explicitly account for the reduction of undesirable outputs in the production technology,

3To impose variable returns to scale, this assumption may be relaxed by simply adding
∑K

k=1 zk = 1
as an additional restriction to the problem.
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the appropriate technique is to use an additive directional output distance function with

an appropriately defined direction to reduce undesirable outputs (Chung et al., 1997; Färe

and Grosskopf, 2006). The standard approach to measuring productivity growth uses the

Malmquist index based on Shephard output distance functions to represent technology

defined as:

D0(x, y, b) = inf{θ :

(
y

θ
,
b

θ

)
∈ P (x)} (9)

The problem with this distance function is that it expands the good and bad outputs

proportionally as much as is feasible in the same direction without crediting countries for

the reduction of the production of bad outputs. We would refer to the standard Malamquist

index computed based on this proportional distance function as “brown” productivity

growth because it does not account for the reduction in undesirable outputs and emissions

abatement efforts.

The standard Malmquist productivity index derived from Shepard distance functions,

therefore, needs to be modified to allow for the possibility of crediting countries for

reduction of bad outputs. Chung et al. (1997) and Färe and Grosskopf (2004) show that

an appropriately specified directional output distance function that seeks to increase the

good output while simultaneously decreasing the bad output can be used to represent the

production technology. We would refer to the modified productivity index computed based

on this directional distance function as the “green” productivity growth because it accounts

for the reduction in undesirable outputs and emissions abatement efforts. Formally, the

directional distance function can be defined as

−→
D 0(x, y, b : g) = sup{β : (y, b) + βg ∈ P (x)} (10)

where g = (y,−b) is the function that defines the direction in which outputs are scaled, that

is, desirable outputs are increased and undesirable outputs are decreased. The efficiency

score for each country-level DMU for k′ can be estimated as the solution to an appropriately

adjusted linear programming problem compactly written as:

−→
D 0(xk

′
, yk

′
, bk

′
; g) = max β :

s.t : (yk
′
+ βgy, b

k′ − βgb) ∈ P (x)
(11)

the key difference with the standard approach is the inclusion of the directional vector g(.)

The brown productivity index can be recovered from the standard Shephard’s output

distance functions based on the geometric mean of two Malmquist productivity indexes

introduced by Caves, Christensen and Diewert (1982), while the “green” productivity

index is recovered from the directional distance functions based on a modified Malmquist

index introduced by Chung et al. (1997) called the Malmquist-Luenberger productivity
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index. The indexes are constructed by measuring the radial distance of the observed inputs

and outputs in two different periods relative to a reference technology. Each country is

compared relative to all other countries at one point in time and the frontier for each

time point envelops the observations from this period only. Thus, we obtain the brown

productivity measure by computing the following Malmquist productivity index (MPI):

MP t+1
t =

[
Dt

0(xt+1, yt+1, bt+1)

Dt
0(xt, yt, bt)

· D
t+1
0 (xt+1, yt+1, bt+1)

Dt+1
0 (xt, yt, bt)

]1/2

(12)

The brown Malmquist productivity index in Eq. (12) can be decomposed into two compo-

nents: one part accounting for efficiency change, MECt+1
t between time t and t+ 1 and

another part measuring technical change between two consecutive time periods MTCt+1
t .

The product of the two components exhausts the brown Malmquist productivity index thus

MP t+1
t =

Dt
0(xt+1, yt+1, bt+1)

Dt
0(xt, yt, bt)︸ ︷︷ ︸

(MEC): Brown efficiency change

×
[
Dt

0(xt+1, yt+1, bt+1)

Dt+1
0 (xt+1, yt+1, bt+1)

· D
t
0(xt, yt, bt)

Dt+1
0 (xt, yt, bt)

]1/2

︸ ︷︷ ︸
(MTC): Brown technical change

(13)

This index has several practical advantages. First, it is a measure of TFP. Second, it

only requires information on input and output quantities, unlike other efficiency measures

that also require information on input and output prices, which makes it appropriate for

measuring productivity in the presence of non-marketed goods such as pollution. One

shortcoming is that, although the Malmquist index is able to deal with pollution, the

Shephard output distance function on which it is based does not allow one to account for

the environmental efficiency of the production processes.

To account for the reduction in pollution in a country’s production systems, we follow

Chung et al. (1997) and express the Malmquist–Luenberger productivity index as a special

case of the Malmquist index by specifying the direction of outputs as g = (y,−b). Thus, the

relationship between the Shephard output function and the directional distance function

can be formulated as:

−→
D t

0(xt, yt, bt; yt, bt) =
(

1/
−→
D t

0(xt, yt, bt)
)

(14)

with the modified Malmquist-Luenberger green productivity Index (MLI) as

MLP t+1
t =

[
1 +
−→
D t

0(xt, yt, bt,−bt)
1 +
−→
D t

0(xt+1, yt+1, bt+1; yy+1,−bt+1)
· 1 +

−→
D t+1

0 (xt, yt, bt; yt,−bt)
1 +
−→
D t+1

0 (xt+1, yt+1, bt+1; yt+1,−bt+1)

]1/2

(15)

The green Malmquist-Luenberger productivity index in Eq. (15) coincides with the brown
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Malmquist index when the directional function g is proportional in (y, b) rather than

directional in (y,−b). Similar to the case of the brown index, the green productivity index

can also be decomposed into two components: one part accounting for efficiency change,

MLECt+1
t between time t and t+ 1 and another part measuring technical change between

two consecutive periods MLTCt+1
t . The product of the two components exhausts the green

Malmquist-Luenberger productivity index. Thus

MLECt+1
t =

1 +
−→
D t

0(xt, yt, bt,−bt)
1 +
−→
D t

0(xt+1, yt+1, bt+1; yy+1,−bt+1)︸ ︷︷ ︸
Green efficiency change

(16)

MLTCt+1
t =


(

1 +
−→
D t

0(xt, yt, bt,−bt)
)

(
1 +
−→
D t

0(xt, yt, bt;−bt)
) ·
(

1 +
−→
D t+1

0 (xt+1, yt+1, bt+1; yt+1,−bt+1)
)

(
1 +
−→
D t

0(xt+1, yt+1, bt+1; yt+1,−bt+1)
)

︸ ︷︷ ︸
Green technical change


1/2

(17)

The interpretation of both indices is straightforward. An improvement in productivity

growth happens when the indexes values are greater than 1. For instance, if the efficiency

indicator MECt
t+1 or MLECt

t+1 is greater than 1, then it implies that the observation is

closer to the production frontier in period t+ 1, and if it is less than 1, then the observation

is further away from the frontier in period t+ 1. Similarly, if the technical change indicator

MTCt
t+1 or MLTCt

t+1 is greater than 1, it signifies technical progress in period t+ 1 and

when it is less than 1, it denotes technical regress. The empirical application of the DEA

models in this study was implemented using the MATLAB DEA toolbox developed by

Álvarez, Barbero and Zofio Prieto (2020).

3.4 Data and variables

This study is carried out on a panel of 47 countries in Africa for the period of 2000-2019.

The countries are selected based on the availability of data. We collect data on inputs,

desirable output, and undesirable environmental pollutants. The input variables used are

capital stock, labor force, and energy consumption. Capital stock is measured in millions

of constant 2017 US$ and labour force is measured as the number of people engaged in

work. Data on both capital stock and labour force are obtained from the Penn World

Tables (PWT 10.0) of the Groningen Growth and Development Centre.

Energy consumption is measured as the total energy consumption from coal, natural gas,

petroleum and other liquid, and renewables. The data is collected from the United States

Energy Information Administration (EIA) and is measured in Quadrillion British thermal
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Table 1: Summary Statistics of variables

Variable N Mean Std.Dev Min Max

Inputs
Capital stock (million 2017US$) 940 310341.7 610100.7 1880.63 3115442
Labour (People in million) 940 7.57 10.3 0.12 73.02
Energy (QBTU) 940 0.33 0.93 0.01 5.73
Desirable output
GDP ( million 2017US$) 940 99710.38 196080.1 1178.44 1287725
Undesirable outputs
Carbon dioxide (million tonnes) 940 23.87 72.51 0.1 502.26
Nitrogen dioxide (Mt CO2e) 940 10.72 12.98 0.02 64.55
Methane (Mt CO2e) 940 22.32 27.23 0.07 140.71

units (QBTU). Desirable (good) output is real gross domestic product (GDP) measured

in millions of constant 2017 US$ and obtained from the Penn World Tables. Undesirable

output variables are production-based emissions of carbon dioxide (CO2), nitrogen dioxide

(NO2), and menthane. CO2 is measured in million tonnes per year and obtained from the

Carbon Dioxide Information Analysis Center (CDIAC) and Global Carbon Project. NO2

and menthane are retrieved from the Climate Watch Historical GHG Emissions of the

World Resources Institute and are measured in metric tonnes of carbon dioxide equivalents

(Mt CO2e).

The three pollutants we consider in this paper—CO2, NO2 and methane—are significant

“bad” outputs associated with the production characteristics in many African countries

and have detrimental environmental impacts. Carbon dioxide is the main contributor to

global warming, while nitrogen oxides contribute to acidification and the formation of

ground-level ozone, which reduces plant growth and damages crops. These environmental

pollutants are important variables that should be accounted for while measuring growth as

they are emitted in the primary production activities across the continent. For example,

CO2 is an emission mainly derived from fossil fuel combustion, road transport, electricity

generation and manufacturing; the agriculture sector is a major source of NO2 emission

and a significant amount of menthane is generated in Africa’s agricultural-based livestock

farming activities. Table 1 reports the summary statistics for inputs and outputs variables

for computing the Malmquist–Luenberger productivity index.

4 Results and discussion

Drawing from the theoretical foundations of the Shephard distance function and the

directional distance function (DDF) described previously, we compute the annual brown

Malmquist TFP growth and the green Malmquist-Luenberger TFP growth for African

economies, respectively, along with their respective decompositions. The computed indexes
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are the geometric means over the sample period of 2000–2019. Index values larger than 1

indicate positive TFP growth, while values less than 1 indicate negative TFP growth.

4.1 Dynamics of “brown” productivity growth

Starting with the Malmquist productivity index, which measures ‘brown’ total factor

productivity change and its components without accounting for reductions in the production

of undesirable outputs, we present the results of the computed indices in Table 2. The

results show that over the entire sample period, African countries experienced an average

brown productivity growth of 0.2%, with the highest growth of 1.5% recorded in 2012 and

the lowest annual growth of -1.7% in 2013. In fact, Africa experienced brown productivity

improvements every year between 2001 and 2013, after which brown productivity began to

fall. When we consider the different components of the brown TFP change, we observe

that the main source of aggregate brown TFP improvements has been from efficiency

change, which improved by a grand average of 0.5%. This implies that there have been

significant improvements in the efficient use of the inputs—labour, capital and energy—in

the production processes. On the other hand, using this standard measure, the results show

that the continent did not record technological advancements, as the grand average over the

two-decade period indicates a negative overall growth averaging -0.3%. This technological

regression partly offsets the marginal improvement in efficiency change, resulting in much

lower overall TFP growth during the entire period.

Next, we investigate the dynamic trends in brown TFP in Africa. Figure 2 shows the

evolution of the annual brown Malmquist productivity index, which maintains a relatively

flat, horizontal trend throughout the sample period. When the trends are decomposed into

its two subcomponents, we observe that prior to the global financial crisis in 2008, efficiency

change and technical change gyrated in a counterbalancing way—with advancements in

technology between 2000 and 2004 being offset by falls in efficiency change during the

same period. These dynamics suggest that when Africa was experiencing brown efficiency

improvements and a catching-up to the brown environmental technology frontier between

2004 and 2006, technical change was falling during that period. This counterbalancing

effect explains the marginal improvements in the overall average of brown productivity

growth of only 0.2% observed over the entire two-decade period.

When the sample is split into two decadal time periods: 2000—2010 vs 2011—2019,

the results show that most of the overall productivity improvement occurred between

2000 and 2010, with an average annual growth of 0.6% as opposed to the period 2010

to 2019, during which productivity growth declined by 0.3% (see Table 3). Technical

change dipped in both periods, from -0.2% on average in the period 2000 and 2010 to

-0.5% in the period 2011 to 2019. Overall, for brown productivity growth, it is efficiency

change—that is, the “catching-up” effect to the technology frontier—that has been the
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Table 2: Brown Malmquist productivity indexes and its components, 2000–2019

Year Efficiency change Technical change Brown TFP

2001 0.853 1.174 1.001
2002 1.165 0.86 1.002
2003 0.999 1.006 1.005
2004 0.833 1.225 1.02
2005 1.185 0.846 1.002
2006 1.047 0.965 1.009
2007 0.99 1.011 1.001
2008 1.009 0.998 1.006
2009 1.035 0.978 1.012
2010 1.023 0.981 1.004
2011 1.027 0.975 1.001
2012 0.996 1.02 1.015
2013 0.946 1.039 0.983
2014 0.996 1.015 1.011
2015 1.053 0.936 0.986
2016 0.993 0.997 0.99
2017 1.005 0.98 0.985
2018 0.999 1.01 1.009
2019 1.002 0.99 0.992

Mean 1.005 0.997 1.002

Table 3: Brown Malmquist TFP index by decades

Year Efficiency change Technical change Brown TFP

2000-2010 1.008 0.998 1.006
2011-2019 1.002 0.995 0.997

2000-2019 1.005 0.997 1.002

primary source of brown productivity growth in Africa. One implication of this result

is that brown TFP growth might be causing significant environmental costs in the form

of intensive input use in relation to the declining technology index. Table 4 reports the

average brown Malmquist productivity indexes by country and their rankings for the

period between 2000 and 2019. Nigeria, Sierra Leone and Zimbabwe have the highest

brown TFP growth, averaging 3.9%, 3.2% and 2.6%, respectively. The implication is that

these top-rated brownly growing countries have been involved with significant production

of undesirable by-products associated with their growth performance. On the flip side,

countries that experienced the lowest performance on brown TFP are Equatorial Guinea,

Comoros and Congo Republic with average annual brown TFP declines of -3.1%, -3% and

-2.6%, respectively.
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Figure 2: Dynamics of the brown Malmquist productivity index and its components
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Dynamics of the brown Malmquist TFP index and its components

Note: Indexes and decompositions based on the grand mean of the Malmquist productivity index for 47 African economies
derived from linear programming solutions of the Shephard output distance functions

4.2 Dynamics of “green” productivity growth

Next, we turn to the Malmquist-Luenberger productivity index, which measures ‘green’

total factor productivity change by crediting countries for emission reduction efforts in the

production of undesirable outputs. The results are presented in Table 5. Green TFP in

Africa barely improved between 2000 and 2019. The overall average annual green TFP

growth is 0.1% for the period 2000 to 2019, indicating that when environmental pollution

is accounted for, TFP growth in Africa is slightly lower than the standard measure of

productivity employed—although the results show that the difference between brown and

green productivity growth is only a marginal 0.1%. Thus, Africa’s growth performance

might be overstated when undesirable outputs such as emissions are ignored. Our results

are consistent with the findings in Färe, Grosskopf and Pasurka (2001); Oh (2010) and

Ananda and Hampf (2015), which show that when the production of undesirable outputs are

not accounted for, productivity standard productivity measurements tend to overestimate

TFP growth of decision-making units–in this case African countries.

Technological change has been the primary driver of the observed growth in green
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Table 4: Brown Malmquist TFP index by country and ranking

Country Efficiency Change Technical change Brown TFP Rank

Nigeria 1.041 0.998 1.039 1
Sierra Leone 1.025 1.007 1.032 2
Zimbabwe 1.033 0.993 1.026 3
Zambia 1.026 0.997 1.023 4
Togo 1.024 0.999 1.022 5
Malawi 1.02 0.999 1.019 6
Ghana 1.021 0.997 1.018 7
Guinea-Bissau 1.017 0.999 1.016 8
Cote d’Ivoire 1.016 0.999 1.015 9
Mali 1.008 1.007 1.015 10
Morocco 1.027 0.989 1.015 11
Benin 1.016 0.996 1.012 12
Tunisia 1.015 0.996 1.011 13
Mauritius 1.018 0.993 1.01 14
Kenya 1.009 0.999 1.008 15
Lesotho 1.009 0.997 1.006 16
Mauritania 1.005 1.001 1.006 17
South Africa 1.003 1.002 1.005 18
Burkina Faso 0.996 1.008 1.004 19
Burundi 1.007 0.997 1.004 20
Niger 1.01 0.994 1.004 21
Cameroon 1.006 0.997 1.003 22
Liberia 1.001 1.002 1.002 23
Senegal 1.004 0.999 1.002 24
Botswana 1.009 0.992 1.001 25
Egypt 1 0.997 0.997 26
Tanzania 0.993 1.004 0.997 27
Algeria 0.999 0.998 0.996 28
Gambia 0.998 0.998 0.996 29
Sudan 1 0.996 0.996 30
Djibouti 1 0.995 0.995 31
Madagascar 0.996 1 0.995 32
Namibia 0.996 0.999 0.995 33
Rwanda 0.998 0.995 0.994 34
Cabo Verde 0.995 0.998 0.993 35
Congo, Dem. Rep. 0.98 1.013 0.993 36
Uganda 0.988 1.005 0.993 37
Gabon 0.993 0.999 0.992 38
Ethiopia 0.99 1.001 0.991 39
Chad 0.998 0.992 0.99 40
Mozambique 1 0.988 0.989 41
Angola 1 0.987 0.988 42
Central African Republic 1.001 0.983 0.984 43
Guinea 0.988 0.993 0.981 44
Congo, Rep. 0.978 0.997 0.975 45
Comoros 0.984 0.986 0.97 46
Equatorial Guinea 1 0.969 0.969 47

Mean 1.005 0.997 1.002

TFP in Africa. Over the entire sample period, the estimated average annual technological

advancement was 0.2% per annum. This technological advancement was counterbalanced

by dwindling dynamics in efficiency change during the same period of -0.1%. One possible

explanation for this result is that the green Malmquist-Luenberger productivity growth

experienced in Africa reflects technological progress made in the continent arising probably
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Table 5: Green Malmquist-Luenberger productivity indexes and its components, 2000-2019

Year Efficiency Change Technical change Green TFP

2001 0.995 1.006 1.001
2002 1.009 0.981 0.99
2003 1.001 0.994 0.995
2004 1.014 1.009 1.023
2005 0.981 1.006 0.987
2006 1.004 1 1.004
2007 1.008 0.999 1.007
2008 1.007 1.001 1.009
2009 0.99 1.018 1.008
2010 0.997 1.002 0.999
2011 1.004 0.992 0.996
2012 0.997 1.017 1.014
2013 0.987 1.007 0.994
2014 0.997 1.012 1.009
2015 1.014 0.979 0.992
2016 0.993 1.006 0.999
2017 0.997 0.991 0.988
2018 0.995 1.013 1.008
2019 0.996 1.006 1.002

Mean 0.999 1.002 1.001

from the increasing use of renewable energy sources such as solar panels and wind turbines in

some countries and the increasing environmental regulation and awareness in the continent.

At the country level, the results for the green Malmquist-Luenberger productivity index

reported in Table 6 show that Tunisia recorded the highest average annual green TFP

growth of 2.5% in the continent. Interestingly, Equatorial Guinea experienced the largest

regression in both brown and green productivity growth of -3.1% and -7.2%, respectively,

This finding is not altogether surprising given the deep subsidies on energy products in

Equatorial Guinea that amounts to about 1.2% of GDP (Alleyne and Hussain, 2013).

Incorporating undesirable outputs in the green TFP model also reveals that some countries

with high brown TFP growth rates from the Malmquist productivity model are penalized

in the Malmquist-Luenberger productivity model with lower productivity growth rankings.

This mainly confirms their relatively intensive production of bad, undesirable outputs along

with the good output. For example, because Nigeria’s GDP has oil and gas production and

flaring as a significant portion of total production, Nigeria is panellized in the computation,

dropping from a robust brown TFP growth average of 3.9% to an emissions-reduction

compensated green TFP growth average of 1.6%. Thus, the green TFP measure reflects a

more accurate productivity performance for African countries.

We run a battery of non-parametric tests of difference-of-means to ascertain whether
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Figure 3: Dynamics of the green Malmquist-Luenberger productivity index and its compo-
nents

Efficiency Change

Technical Change

Green TFP

0.98

1.00

1.02

2001 2003 2005 2007 2010 2012 2015 2017 2019

G
re

e
n
 T

F
P

 I
n
d
e
x

Dynamics of green Malmquist-Luenberger TFP Index and components

Note: Indexes and decompositions based on the grand mean of the Malmquist-Luenberger productivity index for 47 African
economies derived from linear programming solutions of the directional distance functions (DDF)

there is a statistically significant difference between green and brown productivity growth

and its components in Africa. Table 7 shows the main test results based on the Wilcoxon-

Mann-Whitney rank-sum test. The results clearly show that there is a statistically

significant difference between growth in green technical change and brown technical change,

confirming the earlier conclusions that technological change has been the main driver of

green growth and efficiency change has been the main driver of brown growth. However,

because of the counterbalancing effect between efficiency change in the brown productivity

growth measure and technological change in the green productivity growth measure, we are

not able to reject the null hypothesis of no difference between green and brown TFP when

the overall means of the consolidated TFP indexes for all 47 countries are computed. This

could likely be because of the relatively short time frame and the counteracting effects of

the simultaneous progress on efficiency change in the brown TFP and technological change

in the green TFP.
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Table 6: Green Malmquist-Luenberger TFP index by country and rankings

Country Efficiency Change Technical change Green TFP Rank

Tunisia 1.014 1.011 1.025 1
Cote d’Ivoire 1.008 1.013 1.021 2
Nigeria 1.008 1.008 1.016 3
Zimbabwe 1.012 1.004 1.016 4
Malawi 1.008 1.007 1.015 5
Sierra Leone 1 1.015 1.015 6
Mauritius 1 1.014 1.014 7
Botswana 1.002 1.01 1.013 8
Ghana 1 1.011 1.012 9
Mali 1.006 1.006 1.012 10
Djibouti 1.006 1.005 1.011 11
Morocco 1.003 1.006 1.009 12
Benin 1 1.008 1.008 13
Cabo Verde 1 1.008 1.008 14
Egypt 1 1.008 1.008 15
Guinea-Bissau 1.008 1 1.008 16
Rwanda 1 1.008 1.008 17
Senegal 0.998 1.009 1.007 18
Togo 1 1.007 1.007 19
Angola 1.001 1.004 1.006 20
Kenya 0.996 1.01 1.006 21
South Africa 1 1.007 1.006 22
Algeria 1.001 1.004 1.005 23
Gambia 0.995 1.01 1.005 24
Lesotho 0.998 1.007 1.005 25
Cameroon 1 1.003 1.003 26
Mauritania 0.996 1.006 1.002 27
Namibia 0.99 1.012 1.002 28
Gabon 1 1 1 29
Burkina Faso 0.993 1.006 0.999 30
Central African Republic 0.999 1 0.998 31
Niger 1.001 0.996 0.998 32
Sudan 1 0.998 0.998 33
Zambia 1.003 0.994 0.997 34
Congo, Dem. Rep. 1 0.995 0.995 35
Liberia 0.994 1.001 0.995 36
Madagascar 0.994 1.001 0.995 37
Burundi 0.997 0.996 0.994 38
Comoros 1 0.994 0.994 39
Ethiopia 0.997 0.996 0.993 40
Uganda 0.991 1.002 0.993 41
Mozambique 0.992 1 0.992 42
Guinea 0.989 0.995 0.985 43
Chad 1 0.983 0.983 44
Tanzania 0.991 0.992 0.983 45
Congo, Rep. 0.976 0.999 0.975 46
Equatorial Guinea 1 0.928 0.928 47

Mean 0.999 1.002 1.001

4.3 Analysis of the drivers of green productivity growth

Unlike the standard growth literature, where there is broad agreement on the main drivers—

enablers and barriers—to growth (Barro, 1997; Durlauf et al., 2005; Tamura, Dwyer,

Devereux and Baier, 2019), there is little empirical evidence on what may foster or hinder

“green growth”. We apply the now established Barro-type growth regressions to identify
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Table 7: Wilcoxon-Mann-Whitney rank-sum test for difference in green and brown TFP

Productivity component Null Hypothesis (H0) Mann-Whitney Z p-value

TFP Green TFP = Brown TFP 0.605 0.544
Efficiency change (MLEC) Green MLEC = Brown MLEC -2.056 0.039
Technical change (MLTC) Green MLTC = Brown MTLC 4.282 0.00

the key enablers and barriers to green productivity growth in Africa. To our knowledge,

this is the first attempt to move beyond expert-consensus views to empirically identify the

drivers of green productivity growth in Africa.

Drawing from a carefully selected set of variables identified in the discussion on the

drivers of green growth in the review section, we use panel regression analysis to determine

the relationship between some basic country characteristics and green productivity growth

in Africa. We consider the following cross-country green growth regression:

GTFPit = γ0 + γ1Xit + ηi + ψt + εit, (18)

where GTFP it is the country-level annual green TFP, ηi are the country dummies that cap-

ture time-invariant country-specific characteristics that may influence country performance;

and ψt are time dummies that control for the impact of economic policies and political

events and other business cycle fluctuations occurring at the national and global level. Xit

is a vector of carefully selected determining factors of green productivity growth such as

GDP per capita, the square of GDP per capita, trade-embodied R&D, domestic R&D,

energy intensity, renewables, FDI, and institutional quality; and εit is the idiosyncratic

error term.

Two variables in the model—trade-embodied R&D and domestic R&D—require further

discussion because of how they are measured. Due to data scarcity, we use the number of

scientific and technical journal articles to proxy for domestic R&D innovation generated in

Africa. This is consistent with the growing trend in the literature (see, for example, Asongu

and Nwachukwu (2016) and Tchamyou (2017)) toward using the number of scientific and

technical journal articles (STJA) published annually as a proxy for innovation. We retrieve

the data from the World Bank database. The choice of this proxy is primarily due to

the lack of data on R&D expenditures and patents granted by African countries. Our

measure for international technology spillover is based on the assumption that trade is a

major channel of knowledge diffusion. Hence, we consider 15 developed OECD countries

(OECD15) with the highest number of patents granted as the source of international

knowledge stock owing to the fact that global research and development activities tend to

be concentrated in these countries.

We build on Adetutu and Ajayi (2020) to construct trade-embodied R&D stock based

on a weighting formula proposed by Lichtenberg and de La Potterie (1996), which reflects
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not only the direction of R&D spillovers but also their intensity. However, in computing

the trade-embodied R&D stock, we use patent stock as a measure of the real innovative

activity generated by the trade partners instead of R&D expenditures as patents have been

widely used as an output-based measure of technological innovation in line with existing

literature (Aghion, Howitt and Prantl, 2015; Ajayi and Reiner, 2020; Johnstone, Haščič

and Popp, 2010). By construction, the higher the total imports of goods and services

from trade partners, the more benefits a country can derive from international R&D. The

weighting scheme captures the stock of trade-embodied R&D spillover through imports by

African country i from foreign country j in OECD15 as a bilateral-imports-share weighted

sum of the OECD15. Specifically, for any year t;

TRDit =
∑

j∈OECD15

Mijt

Yjt
DRDjt, forj 6= i, (19)

where TRDit is the stock of trade-embodied R&D spillover, DRDjt is the level of domestic

R&D capital stock in country j for j ∈ OECD15. Mij is the import of goods and services

of country i from country j; Mi represents total imports of African country i from OECD

country j and Yjt is the GDP of the OECD countries. To construct a series of domestic

R&D stocks for each of the OECD15 countries, we employ data on patents granted from

the European Patent Office (EPO) over the study period for each country publicly available

on the OECD website. Data on bilateral trade is taken from the IMF’s Direction of Trade

Statistics. Table 8 presents the summary statistics for some of the key variables used in

the second stage regression on the drivers of green growth.

Table 8: Summary statistics for variables used in drivers of green growth regression

Variable N Mean Std.Dev Min Max

GDP per capita (million 2017 US$) 851 4985.43 6068.19 675.69 45053.95
Trade-embodied R&D 851 41816084.94 89871353.89 123696.4 684000000
Domestic R&D (Number) 851 707.57 1894.92 0.17 14534.1
Institution (index) 851 -0.7 0.6 -1.85 1.06
Foreign direct investment ($) 851 938655149.8 1584164543 31593.78 11580000000
Renewable (ratio) 851 0.43 0.37 0 1
Energy intensity (QBTU/mil 2017$) 851 0.00000264 0.00000202 0.00000019 0.00001093

Note: Trade-embodied R&D is constructed as OECD domestic patent stock weighted by imports of GDP

We estimate the model specified in Eq. (18) using both random-effect (RE) and fixed-

effect (FE) estimators. The corresponding results from the regressions are presented in

columns 1 and 2 of Table 9, respectively. We fit a random-effects model as a fully efficient

specification of the country-specific effects under the assumption that they are random and

follow a normal distribution and then compare these estimates with a fixed-effects model.

To choose between the RE and FE estimators, we conducted a Hausman (1978) test. The
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results from the Hausman test show that the null hypothesis that the conditional mean of

the disturbances from the RE and FE models given the regressors is zero, can be rejected

at the 1 percent level of significance. Thus, the individual-level effects are not adequately

modelled by a random-effects model. Based on the Hausman test results, we focus our

discussion of the determinants of green productivity growth on the fixed-effects model as

the appropriate model for the underlying data.

Table 9: Regression results of determinants of green productivity

Dependent variable ln(GreenTFP) ln(GreenTFP)

(1) (2)

GDPPC 0.0787* -0.305***
(0.0411) (0.11)

GDPPPC squared -0.0050** 0.0149**
(0.0024) (0.0068)

Trade-embodied R&D 0.0007 0.0238***
(0.0028) (0.0089)

Domestic R&D 0.0035* 0.0179***
(0.0019) (0.0063)

Institutional quality 0.0085* -0.0073
(0.0046) (0.0132)

FDI -0.0027* -0.0016
(0.0016) (0.0024)

Renewable -0.0061 0.0176
(0.0069) (0.0219)

Energy Intensity -0.0042 -0.0882***
(0.0035) (0.0125)

Constant -0.325* -0.114
(0.188) (0.469)

Observations 850 850
R-squared 0.0246 0.0967
Country FE Yes Yes
Year FE Yes Yes

A couple of interesting observations emerge from the fixed-effects regression results in

column 2 of Table 9. The results show that the square of GDP per capita, trade-embodied

R&D and domestic R&D are important drivers of green productivity growth, while GDP

per capita and energy intensity impede green productivity growth. We did not find any

statistically significant relationship between renewables, FDI, and institutional quality on

green productivity growth in Africa. Specifically, the results suggest that GDP per capita

has a negative impact on green TFP growth and this effect is statistically significant at

the 1% level. The estimated coefficient implies that for every 1% increase in the GDP per

capita, green TFP growth declined by 0.31%. Thus, initial increases in economic prosperity
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tend to be more resource-intensive and associated with the production of more undesirable

outputs. However, as per capita income increases up to a certain point, the relationship

is reversed. This follows from the estimated coefficient of the square of GDP per capita,

which is positive and statistically significant, implying that a unit increase in the square of

GDP per capita could potentially lead to accelerated green productivity growth of 0.015%

during the sample period. This finding is somewhat consistent with the environmental

Kuznets curve (EKC) hypothesis that there is an inverted-U relationship between economic

growth and environmental damage (Dinda, 2004; Stefanski, 2013). Thus, at lower levels of

development, growth is more resource-intensive with potentially higher pollution; however,

as development continues beyond a certain threshold, the production processes tend to

become greener and more environmentally friendly as the level of economic development

gets higher.

The results also show that domestic R&D stocks have a statistically significant relation-

ship with green productivity growth at the 1% level. The estimated coefficient suggests

that the domestic stock of knowledge plays an important enabling role in green productivity

growth. Specifically, a unit increase in the domestic R&D stocks—that is, technological

advancements that are home-grown—all other things being equal, could potentially lead to

an increase in green productivity growth of 0.018%. Similar results have been found for

other developing countries such as China (Du, Duan and Xu, 2019).

The estimated coefficients of trade-embodied R&D stocks is also positive and statistically

significant. The results imply that a 1% increase in trade-embodied R&D would on average

increase green productivity growth by 0.024%. In other words, foreign R&D diffusion

through imports helps improve a country’s green productivity growth as green innovation is

transferred and adopted for sustainable development. Recent studies such as Adetutu and

Ajayi (2020), Gutierrez and Gutierrez (2003) and Liao, Liu, Holmes and Weyman-Jones

(2009) have also reported a positive impact of foreign R&D on standard productivity growth

measures. Interestingly, not only does trade-embodied R&D stock have a positive impact

on green productivity growth, the magnitude of its impact is also higher and stronger

compared to the impact of domestic R&D stock. This result reinforces the importance of

trade as an essential channel to harness clean technological innovations to promote green

growth in the continent.

Lastly, the results indicate that energy intensity is a hindrance to green TFP growth.

The estimated coefficient is statistically significant indicating that increasing energy intensity

by one unit could lead to an average deceleration of green TFP growth by 0.09%. This

negative impact of energy intensity, somewhat reflects the inefficiency of energy use in

the continent. For instance, almost 80% of the electricity generation in Africa is from

fossil fuel and non-hydro renewable energy only accounts for about 3% (Association, 2019).

Invariably, the prevalence of energy subsidies in many African countries might constitute a

major incentive for inefficient use of energy and high fossil fuel consumption.
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5 Policy recommendations

The findings from the analysis on the sources of green productivity growth provide a

useful guide for entry points on policy priorities to accelerate Africa’s green growth

transition. Although institutional factors vary across countries, they could prevent large-

scale investments in clean technologies, especially where there are vested interests in fossil

fuels production. A case in point is South Africa where power utility ESKOM is state-owned,

and fraught with the influence of political interference of the mining industry and its labour

unions (Sebitosi and Pillay, 2008). In such cases, we recommend that government should

undertake complete restructuring of the power sector whereby government steps back from

day-to-day determination of pricing and investment decisions so as to allow private power

producers into the sector. A competitive power sector where entry and exit are relatively

free could drive up renewable energy generation in the light of recent dramatic reductions

in the cost of renewable energy. Also, African countries can learn some useful lessons

from the experience of European countries by implementing a variant of feed-in tariffs

(FITs),4 adapted to Africa’s circumstances, in order to encourage the rapid and sustained

deployment of renewable electricity such that electricity produced from renewable energy

sources are rewarded and prices are guaranteed. This could motivates a number of investors

including homeowners and small business owners to generate clean electricity as opposed

to private alternatives to grid electricity, like diesel generators.

Moreover, since it is technological advancements that have been the primary source of

green productivity growth, governments might leverage this to invest more in promoting

technological adoption, imitation and innovations that reduce the production of undesirable

emissions and expands, as much as possible, the production frontiers in the direction of

desirable outputs. One important sector where more resources can be allocated to promote

uptake of clean technology is the power sector, which is still dominated by ‘dirty’ fossil

fuels. Second, there is still ample potential for catch-up by African countries as they seek

to improve the efficiency of input use. Therefore, policies that distort market incentives

and encourage the inefficient use of inputs should be eliminated. Particularly, since energy

intensity is found to be a barrier to green growth, the widespread use of energy subsidies in

the continent should be carefully phased out and instead ‘sin’ taxes should be introduced

on fossil fuel consumption to encourage efficiency, innovation, and diversification away from

fossil fuels into cleaner energy sources.

Broader policy priorities to accelerate green growth in Africa are carefully (and non-

technically) discussed in a Brookings Institution Policy Blog by Chuku and Ajayi (2021).

4The feed-in tariff regimes offer guaranteed prices for fixed periods of time for electricity produced
from Renewable Energy Sources (RES), and prices are usually awarded across the board for every per
kWh of electricity generated, often in accordance to many factors such as the type of technology, the size
of the installation, the location of the project (see Fouquet and Johansson, 2008; Langnis, Diekmann and
Lehr, 2009)
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First, policies should focus on dismantling widespread energy subsidies on fossil fuels. The

average subsidization rate in Africa is about 33 percent, with the cost of fossil fuel subsidies

representing an average of 3.8 percent of GDP, getting as high as 5.8 percent in Algeria.

When energy subsidies are inefficiently applied, they fundamentally encourage excessive

energy consumption through distorted lower prices that work to disincentivise investments

in efficient and cleaner energy sources.

Second, green energy investments in Africa, especially in renewable energy, needs

scaling up as current levels are running far below what is required to accelerate Africa’s

green growth transition. Despite the COVID-19 impacts, renewable energy financing and

investments are in a virtuous circle of falling costs, expanding deployment and accelerating

technological progress. This could be used as a tool to bridge the mismatch in the supply

and demand for critical minerals for key clean energy technologies——cobalt, lithium,

nickel, copper——that presents an urgent business case for Africa’s engagement. The

demand for lithium, for example, is expected to grow over 30 times by 2040 but supply

from existing mines and projects under construction can only meet about half the projected

demand.

Third, Africa should tap into the growing market for green, social and sustainable

(GSS) bonds to finance the green economy transition. The GSS bond market is estimated

to have grown by over 300 percent in 2020. Surprisingly, out of the 16 countries that had

issued green bonds as of July 2021, only four of them were outside Europe and only one

was from Africa—Nigeria. Many more countries in Africa need to take advantage of this

easy global financing environment to fund their larger renewable energy projects.

6 Conclusion

This study investigates green productivity growth for a sample of 47 African countries

over the period 2000-2019. Given that Africa faces a disproportionate burden from the

repercussions of climate change, proper measurement of progress towards green growth

and drivers of green growth is important to help gauge the progress on green growth

transition and identify policy priorities for fast-tracking Africa’s transition. To address

this problem, we apply a model that jointly accounts for the production of desirable and

undesirable outputs to distinguish between brown and green productivity growth. The

paper draws from the extant literature on possible enablers and barriers to green growth

and presents a framework based on an environmental production technology for measuring

productivity based on various output distance functions solved by linear programming

methods. Specifically, we estimate the traditional (brown) Malmquist productivity index for

African countries without accounting for undesirable outputs and then we fit the emissions-

incorporated (Green) Malmquist–Luenberger productivity indexes, which treats CO2, NO2

and methane emissions as undesirable outputs using directional distance functions. Using
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the computed green productivity growth indexes, we carry out a second-stage analysis

where we examine the determinants of green growth, distinguishing between enablers

factors versus barriers to green growth.

Our main findings indicate that Africa’s productivity growth is slightly overstated when

undesirable outputs are ignored in the measurement of Africa’s growth. The difference

between the ‘brown’ and ‘green’ productivity growth indexes over our entire sample period

of 2000 and 2019 is about 0.1% when aggregated. Although the aggregated and cumulated

difference seems minuscule, it was found to be statistically significant when decomposed

into its two main components. Contrary to the widely held view, our results indicate

that technological progress is the main source of Africa’s green economy transition and

not efficiency change or the catching-up effect. Our second stage analysis, which seeks to

identify the enablers and barriers to green growth in Africa show that the square of GDP

per capita, trade-embodied R&D, and domestic R&D are enablers of green productivity

growth, while low levels of GDP per capita and energy intensity constitute barriers to

green productivity growth.
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Färe, R. and Grosskopf, S. (2004). Modeling undesirable factors in efficiency evaluation:
comment, European Journal of Operational Research 157(1): 242–245.
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