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Abstract. The objective of this article is to highlight the significance of net energy consideration in economic policymaking, which has
received less or no attention from the stakeholders particularly in the context of developing economies like India. With the rapid growth in
the renewable energy sector, in this period of the low-carbon energy transition, there appears to be a growth in gross energy output.
However, the net energy outputs reaching the demand sector of the economy may still be low due to the large feedback energy
requirements for such rapid growth in energy supply. Such reduced energy availability may lead to reduced gross domestic product (GDP)
growth unlike what is envisaged by policymakers. This is in contrast to the conventional standpoint, where assumed economic growth
scenarios are used for energy planning. Since electricity use and economic development are found to be strongly correlated for developing
economies like India, it is expected that a reduction in net energy available from the power sector will impose constraints on the GDP
growth. Hence, a very ambitious electricity supply programme such as the one based on solar electricity may be counterproductive to GDP
growth.
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1. Introduction

Energy is the most important resource for the development and economic growth of a nation. The link between
energy and economy may be understood by assuming a national economic system as an ‘engine’, whose total
output is measured by the sum of goods and services produced within its boundaries i.e. the gross domestic
product (GDP). The GDP, an index of economic output, is generated by the input of energy which drives the
economic engine. The ‘efficiency’ of this economic engine represented as GDP per unit of energy consumption is
dependent on climate (degree-days), structure of the economy, types of technology used, along with quantity and
quality of the energy resources available in a country. Brown et al (2011) demonstrated “a positive relationship
between energy use and economic growth through a statistical relationship by considering per capita energy
consumption (E) for each country and per capita GDP for each country (G) as a power law: E = 4.13 G°%7¢.”
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It is worth noting here that while the economic output is dependent on the magnitude or quantity of energy
available, the impact of ‘quality’ of energy resource being used is also significant. Petroleum is a more efficient
fuel than coal for most purposes, as measured by both thermal and economic criteria. Electricity is an even higher
quality resource than petroleum and coal. The higher quality of electricity is particularly useful in manufacturing
where its conversion to mechanical work and heat at the point of application can be controlled exactly with
respect to time and where power requirements could be matched to the task.

This study seeks to draw the attention of energy analysts and policy makers to the "net energy" constraints likely
to be faced by developing economies like India in maintaining high GDP growth rates. This is in contrast to the
conventional standpoint, where assumed economic growth scenarios are used for energy planning. The term "net
energy"” here refers to the energy available from an energy transformation system after subtracting the energy
feedback required to construct and commission it. While appraising the role of energy in an economy, the critical
parameter is net energy i.e. the energy reaching the demand sector of the economy. However, the net energy
consideration has received little or no attention from the stakeholders particularly in the context of developing
economies like India.

2. Net energy analysis and its scope

Energy analysis, earlier called energy accounting, was developed in order to quantify the energy required to
produce a particular item by establishing all the contributions to it which themselves require energy. It accounted
for the extraction and refining of raw materials, transportation to the place of use, energy required for the
construction and operation of plant, delivery of the finished product and so on. The concept gained popularity in
the early 1970’s, and led to an international workshop in 1974 under the auspices of the International Federation
of Institutes for Advanced Study (IFIAS), Sweden, to establish methodology and conventions of energy analysis.
According to the IFIAS workshop report — “Energy Analysis is defined as the determination of the energy
sequestered in the process of making a good or service within the framework of an agreed set of conventions or
applying the information so obtained” (Energy Analysis Workshop, IFIAS, 1974). The energy analysis evaluates
the total quantity of energy that has to be sequestered from primary energy resources in order to produce a
specified commodity and service — called the ‘gross energy requirement’ (or GER) of the commodity or service.
The analysis includes the direct use of energy in the production process and also the energy used to produce
materials and machines used in the process. The sum total of such direct and indirect energy requirements of a
product is also called its “hidden’ or ‘embodied’ energy.

The aims of energy analysis are many and various; they may be summarized as follows:

(a) To analyse the energy consumption of the different sectors of an economy to assist the forecasting of the
total energy demand or point to policies which would reduce demand.

(b) To assist economic analysis in enabling it to predict the effect of fuel price increases on the price of
manufactured goods.

(c) To determine the direct and indirect energy inputs in various industries, so to assess the most energy
intensive industries as well as recommend energy conservation measures in such industries.

(d) To determine the most energetically favourable of several possible energy sources, and to identify ‘point
of futility’ where no net energy is produced from a possible source of energy.

There can be no more appropriate field of application of energy analysis than in the case of energy industries
themselves, for such an analysis addresses the question of whether it is worth investing energy for the energy one
gets out of the investment. Energy analysis applied to energy transformation systems is called "net energy
analysis" or NEA.
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‘Net Energy’ is defined as the energy available from an energy transformation system after subtracting the energy
investment in the system. It is the net energy yield which measures the true value of the resource to society. The
concept of net energy is explained through Figure 1. The energy feedback 'F' is necessary to develop the resource
'R"and produce a gross energy output 'G'. The net energy is the difference between the two: N=G - F.
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Figure 1. Net Energy Concept (Slesser, 1978)

The energy subsidy or feedback, F, includes both direct and indirect energy investments required by the energy
transformation or processing system. Thus ‘F’ includes inputs not only as direct fuels and electricity but also as
energy associated with non-energy inputs.These can be many and various depending on system boundary
assumptions, including energy for research and development, exploration, buildings, equipment, materials etc for
initial and operational phases, decommissioning, labour in various guises, and the restoration of ecological side
effects. This feedback ‘F’ reduces the gross output of energy to a net amount ‘N’ available for the demand sector.

The ratio "Energy Returned on Energy Investment" (EROI) equals G/F; this quantifies the number of units of
gross energy produced per unit of energy feedback to the process. Here both G and F are expressed in energy
equivalents of the same type. The EROI is meant to interpret the importance of an energy source to the economy.
High ratios mean that the source can support the development of more activity in the economy. When the vyield
ratio is small, there is little energy to support activity other than that which supplies the necessary feedback. The
same basis can be used to evaluate measures proposed to conserve energy. The feedback required for conservation
service such as providing housing insulation or improving car efficiencies can be evaluated in energy cost. Energy
savings can then be compared with the energy feedback in the savings effort (where both are expressed as energy
equivalents of the same quality). If the ratio of savings to feedback is greater than one, there is a net energy
contribution.

Energy conversion plants change a natural energy flow (such as sunlight) or the energy locked in a raw material
(such as coal) into a form that can be conveniently used by a consumer. It is naturally important that an energy
conversion plant e.g. that used for power generation delivers more energy over its operating life than that invested
in constructing, commissioning, and maintaining it.

The static energy analysis examines the energy profitability of a single energy conversion plant. It tells whether
the operational life of an energy conversion plant is more than its ‘energy payback time’. The energy payback
time is defined as the length of time during which a plant must operate to generate a quantity of energy equivalent
to the amount of energy expended in its construction.
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The dynamic energy analysis examines the energy profitability of a programme of several energy conversion
plants. Often more than one plant is required to satisfy the projected demand for energy. The energy demand may
grow linearly with time, but often these estimates of future demand display a good approximation to exponential
growth: the projected demand increases each year by the fixed percentage of the demand of the previous year. A
programme of plant construction and operation intended to produce, for example, an exponentially increasing
amount of energy output, needs to be analysed to answer the following questions:

(a) How much time does it take before a programme of several such plants has produced more cumulative energy
than it has consumed?

(b) What fraction of the energy output of such a programme must be offset against energy needed for continual
investment in that programme?

(c) What is the net energy output from the programme in a particular year, i.e. the annual energy output after
subtracting that needed for investment?

To summarize, net energy relates the economy’s need for energy to the energy expenditure required to meet that
need; and provides a comparison of various energy sources based on their ability to render useful work to the
society (Poldy, 2008; Carbajales-Dale, 2014).

3. The electricity-economy link for developing economies like India

It is widely accepted that electricity (the highest grade of energy) is an essential input for economic growth,
especially for developing economies like India. Burke et al (2018) provide macro-level evidence on the
importance of electricity for economic development. They found that electricity access and use are strongly
correlated with economic development. In developing countries, electrical power is acknowledged as an engine
for growth and an essential infrastructure for development. Government policies have generally encouraged the
rapid expansion of the electricity sector both by financial assistance to construction of generating facilities and by
financing operating deficits stemming from subsidized tariffs. The common situation in the developing world is
for electricity consumption to be supply constrained; more electricity would be consumed if more could be
produced.

In developing countries, there is a large and significantly unsatisfied demand for exactly the kind of services that
can best be provided by electricity. The tendency to consume more electricity as incomes rise is related to quality-
of-life improvement of the population. Population levels determine electricity demand in a straight forward way,
and the bulk of the global population increase is taking place in the developing world. The role of electricity in
such economies will further enhance in the coming decades due to increasing prospects of electrification in the
automobile, domestic, and industrial sectors.

The electric vehicles for transport of goods and passengers through road as well as a highly electrified rail
network is leading to increased pressures on electricity supply. Other reasons for high electrical intensity in
developing economies include lesser efficiency of the electrical equipment requiring more electricity per unit of
output compared to those in the developed countries, as well as increasing electrification of agricultural operations
e.g. water-lifting, harvesting, grain thrashing etc, which were earlier totally animal/human powered. The needs for
better process control and, in some cases, for cleanliness have meant a greater range of applications for electricity
throughout industry. More important are new materials processing techniques, such as electric arc furnaces to
make steel that have shifted the heat-electricity balance towards electricity. Aluminium smelting, electrolysis,
plasma arc and other forms of electrical melting, and certain chemical, glass and ceramic processes are notable.
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In general, one may say that a strong electricity-economy link exists for developing economies and they represent
high electricity intensiveness. Due to the pervasive and critically important role of electricity in developing
countries, the accelerated economic growth of such countries would be crucially dependent on future electricity
supplies.

In India's context, Prakash (2018) observed the following: “an exponential growth in electricity demand is being
witnessed due to pressures of maintaining high economic growth rates and of improving the quality of life of an
exponentially rising population. Though electricity intensiveness of the economy has apparently decreased in the
last seven decades, the electricity growth requirements will still be high in order to maintain high GDP growth
rates”. It is not yet known with any certainty if this drop in electricity intensiveness over the years is due to
electricity conservation efforts or structural changes in the economy or a combination of both. As a signatory to
the Paris Climate Change Agreement, “India has committed to base 40% of its power generation capacity through
renewable energy as well as reduce its carbon intensity of GDP by 33-35% from 2005 levels by 2030” (Report of
the Expert Group on 175 GW RE, 2015). Installation of 175 GW of renewable energy is to be achieved by 2022,
with projected capacity expansion up to 450 GW. Thus, the country is proceeding with rapid growth in the
electricity supply sector particularly through solar and wind energy utilization.

4. Net energy implications for economic growth

Many studies have been reported globally relating to net energy or EROI since the 1970s. However, for
contemporary significance, some recent and important studies further point to the implications of net energy for
the economy. These studies are relevant in the current era of low carbon energy transition with enhanced focus on
the growth of the renewable energy sector in order to limit global warming as per international agreements.

Sgouridis et al (2016) point out that “the sustainable energy transition requires energy to construct the necessary
renewable energy infrastructure. This requirement is analogous to ‘the sower’s strategy’, the long-established
farming practice to save a fraction of the current year’s harvest as seeds for the next. Fossil fuels are finite but we
can ‘sow’ what these fuels provide: energy and minerals to create the capital needed for the transition”. An
exhaustive review of scientific literature on the EROI of renewable energy sources has been presented by Rana et
al (2020) for solar PV, wind energy and bio-fuels as an aid to policy formulation.

A dynamic EROI assessment of the IPCC (Intergovernmental Panel on Climate Change) 21% century electricity
production scenario has been presented by Neumeyer and Goldston (2016). They observed that “the energy
required to install and operate the infrastructure can be significant, especially at high rates of expansion, and has
not been included explicitly in the overall IPCC scenario assessment”. Capellan-Perez et al (2019) indicate that “a
fast transition achieving a 100% renewable electric system globally by 2060 consistentwith the Green
Growthnarrative could decrease the EROI of the energy system to levels well below that required to sustain
industrial complex societies”.

A novel concept of green EROI has been presented by Moriarty and Honnery (2019) by “considering the
ecosystem maintenance energy in addition to the conventional energy feedbacks, which cautions that global net
energy produced in an ecologically sustainable manner will start falling in a decade or so.” An optimistic
perspective on EROI of future renewable energy growth has been presented by White and Kramer (2019); “with a
distinction between a physical EROI and an economic EROI—appropriate at the level of the whole economy.
This distinction leads them to conclude that a renewable future is possible. Such a future is essentially
unconstrained by the physical EROI and will have an acceptable economic EROI—not much different from that
of the past century”.
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In India's context, both the static and dynamic energy analyses were carried out earlier for nuclear power as well
as solar PV based power. For India's nuclear power programme (Prakash and Henham, 1993), planned to grow at
16% during the 1990s, the energy payback time was evaluated as 22.5 years. This was due to the annual energy
investment required to sustain the programme being as high as 91% of the annual energy output of the
programme. For the solar PV power generation (Prakash and Bansal, 1995) based on mono-Si modules
manufactured in India, “the critical growth rate was evaluated as 21%; beyond which the programme would
become an energy sink rather than a source”. A more recent study by Jain et al (2018) for India indicates that
“building a PV system large enough to meet the nation's entire electricity demand by 2050 is possible; however, it
will require substantial electricity investment from existing electricity supply, leading to a short term electricity
shortage”.

Of course, similar studies need to be carried out for wind energy and other renewable energy technologies being
deployed in India. It may be pointed out here that the dynamic energy analyses cited above are different in nature
to the one presented by Steffen et al (2018). They point out the potential increase in EROI values with time,
obtained from static net energy analyses with technological improvements projected until 2040. Of course, any
potential increase in EROI values of a single energy conversion plant will also result in higher net energy
availability from a programme of several energy conversion plants, provided its growth rates are not in the critical
range.

The impact of net energy on the developing economy of India is not available in the literature. However, such
studies undertaken for a few other regions in the world may provide some useful indications. Slesser (1978)
reported on the dynamic energy analysis of the EEC's energy transition programme (1973-85), which aimed at
reducing EEC's dependence on imported oil by the use of indigenous resources and a major shift to nuclear
electricity. The study shows that the net energy available to the demand sector from such an energy transition
rises by only 2% a year and not the 3.5% envisaged on primary energy basis. Thus a ‘feasible’ GDP growth (in
constant money units) of about 25% was predicted from 1973 to 1985. Peet et al (1987) examined the feasibility
of "sustained economic growth™ for New Zealand from net energy considerations, and found some evidence to the
contrary. Shaw et al (2010) recommend net energy output (and not the gross energy output) as a base for policy
instruments to promote renewable energy for increasing energy security. Lambert et al (2014) examined the
correlation between EROI and "quality of life" indices such as the HDI. They observed that large-scale
introduction of renewable energy generation may have too low an EROI and may prove too expensive to facilitate
continued growth in developing economies.

Depending on the nature of the link between net energy (or net electricity) and economic growth for a country, net
energy supplies may impose varying constraints on the economic growth envisaged such as for a developing
economy like India. A rapid growth in electricity supply may require huge initial energy investments, thereby
reducing the net energy reaching the demand sector of the economy. On the other hand, a slow growth in
electricity supply may not provide sufficient momentum required for the economic growth envisaged.

5. Conclusions

This study points out that disregarding net energy constraints in policy making may lead to unintended
consequences for the economy of a developing country like India. Since electricity use and economic
development are found to be strongly correlated, it is expected that a reduction in net energy available from the
power sector will impose constraints on the GDP growth. Hence, a very ambitious electricity supply programme
such as the one based on solar electricity may be counterproductive to GDP growth.

However, a need exists for a closer examination of net energy-economy link through theoretical frameworks and
empirical evidence, especially for developing economies. An enquiry related to this examination is - what would
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be the nature of this link with ongoing technological improvements and structural changes in an economy? It may
further be assessed if net energy availability is correlated with variations in GDP growth such as those recently
witnessed for India.

Here, one may argue about the potential embodied energy gain through imports (if any) of power generating
systems or its components such as solar PV panels. However, any such imports will have to be matched with
exports, which will have their own embodied energy. Hence, energy tied up with imports and exports for an
economy also needs to be taken into consideration during net energy evaluations. Further, an increased
dependence on imported solar equipment similar to petroleum imports may compromise the energy security of the
nation, and would lead to moving away from the goal of self-reliance.

If net energy constraints do lead to low GDP growth rates or perhaps a contraction of the economy, can we
transcend this situation into an opportunity for expansion in "non-material" or intangible aspects of development
such as cleaner air, better healthcare, and happier societies? It is likely that net energy constraints will force us to
shift our focus from GDP growth to a more holistic progress. Let us seize this opportunity for a better future!
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