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Abstract 
This study explores the role of innovation and Total Factor Productivity (TFP) in driving economic growth with 
environmental challenges, especially CO2 emissions, in the major industrial sectors of India from 1991 to 2022. The 
relationship between TFP, energy inputs, and economic output is examined through a Cobb-Douglas production 
function. The findings highlight innovation, especially in energy efficiency and sustainable technologies, as a key driver 
of productivity gains and decoupling economic growth from CO2 emissions. The paper identifies phases of 
technological adoption, such as Industry 4.0 and renewable energy integration, that have significantly contributed to 
TFP growth and resource optimization. It also emphasizes that the periods of high TFP growth are matched with 
lower energy intensity and emissions, thus opening a window of opportunity for sustainable technologies to be aligned 
with economic growth and environmental stewardship. 
On the other hand, the transition to cleaner technologies, particularly after 2015, presented early-stage productivity 
challenges in terms of higher costs and regulatory compliance. These early-stage investments were costly but laid a 
foundation for long-term sustainable growth. The research also studies economic stability through the COVID-19 
pandemic and underlined that creativity and digital technology were the major building blocks of the recovery and the 
new status of being adapt to unforeseen turns in the future. The study addresses the persistent requirement for 
innovations and investments in cleaner technologies, renewable energy, and resource efficiency to mitigate 
environmental hazards due to industrial growth. Hence, the research concludes that the paths of sustainable 
development and innovation are inseparable, with policy implications in the provision of funding to research and 
development, in carrying out sustainable practices and constructing an enabling environment for green technologies 
being the main focus. 
Key Word: Cobb-Douglas production, Total Factor Productivity, Labour, Capital, Industry. 
 
I. INTRODUCTION 
The present challenge becomes a conundrum not because the world has just recently decided that putting 
more emphasis on the topic would contribute towards a sustainable future without having a sacrifice 
economic progress. In (Solow, 1956), Total Factor Productivity (TFP) is the driving force of long-term 
growth because capital accumulation produces diminishing returns. TFP is often considered a measure 
of technological progress or an element of innovation. Following the model, TFP displays the effect of 
invention and technological advances on economic output.  Surveys of the Solow model are done using 
the TFP data to give a better understanding of the situation, and the results show that a great deal of the 
output growth for highly developed countries is because of the advances in the area of technology and 
not capital or labour inputs. Researchers (Romer, 1990) have discovered that disparities in innovation 
and technological capabilities among countries are mainly responsible for the discrepancies in growth 
rates. Just to cite a few examples, (Easterly & Levine, 2002) demonstrate that countries which have higher 
levels of innovation measured by patents and R&D spending have higher TFP growth, thus supporting 
the Solow model’s claim that technological progress is a major driver of long-run growth. Further, (Jones, 
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2002)indicates that countries that are investing in R&D are achieving the highest TFP growth, , similarly 
One of the significant quests in the economic literature of the innovation and Total Factor Productivity 
(TFP) relationship has attracted much interest. TFP accounts for the efficiency of the factors of 
production, labour, and capital particularly, in the production process, being an essential indicator of 
productivity growth beyond mere input calculation. A number of researches accentuate the key role of 
innovation in boosting TFP, especially in geographical homes where different levels of innovative 
potential cause differences in regional productivity. (Khandelwal, Sahu, & Bhatia, 2023) examine the 
critical success factors (CSFs) of the Circular Economy (CE) and Industry 4.0 for developing the green 
economy and achieving Sustainable Development Goals (SDGs). The authors use the DEMATEL 
(Decision-Making Trial and Evaluation Laboratory) approach to examine the causal relationships between 
different technological, economic, environmental, and policy-related factors. Past literature has examined 
this intersection between productivity and sustainability. (Rusiawan, Tjiptoherijanto, Suganda, & 
Darmajanti, 2015)found a negative relationship between TFP and CO2 emissions in Indonesia, 
underscoring the role of TFP optimization in mitigating environmental impacts. Meanwhile, (Liang & 
Wang, 2023) highlighted irrational resource use decreasing China's TFP while increasing emissions, 
demonstrating the need for innovation to balance economic and environmental objectives.The 
innovation vs. continuous improvement debate is more like two parties arguing back and forth about 
who is the better new partner, namely, the innovation-focused country or the incremental innovation 
one. (Khandelwal, Sahu, Yadav, & Bhatia, 2025) authors highlight growing pressure on companies to be 
not just economically profitable but also ecologically responsible and socially inclusive. Quantitative 
methods are employed in their study to analyze sustainability performance across units of different 
manufacturing, taking into account resources utilization, emission management, welfare of workers, and 
economic value added. The truth that "rapid innovation" countries achieve better growth rates than those 
"gradual innovation" is usually given; (Fagerberg, 2003) however, the study is important as learners are 
given particular examples that illustrate the idea of how incremental innovation, a constant necessity for 
day-to-day operations, does not trigger a turnaround as radical innovations. Findings will underscore the 
vital role of innovation, investment, and supportive policies in transitioning toward a greener 
manufacturing future. 
 
II. DATA COLLECTION 
The data used to estimate the total factor productivity of Major sectors of the Indian economy is from 
Reserve Bank of India(RBI) publications and CO2 emission from Climate Watch statistics from 1991 to 
2022. Further, the key parameters of TFP are Real Gross Domestic Product (GDP) in Rs crores, Labour 
stock, Capital stock and Energy Inputs in Rs Crores at Constant rates measured by Industry sector 
employment in thousands, real capital stock in Rs crores with the base year 1986-87, 2004-05 and 2011-
12 and total co2 emissions of, and Industry sector in million tonnes is used to estimate TFP residual in 
this analysis. (India R. B., June 2024) (Watch, 2024) 
 
III. Methodology 
This methodology uses a Cobb-Douglas production function to estimate TFP, with labour, capital, and 
energy input as the most important determinants of Industrial output from 1991-2025 to assess 
production efficiency in these sectors. 
The production function is expressed as Q = ƒ (Capital, Labour,), where the output Qϰ is determined 
by utilization of real capital (K) and Labour (L). Furthermore, we have incorporated energy input as a 
variable in the equation to quantify the effect. The Cob-Douglas production function, the paper adopts 
a rigorous approach to investigate TFP trends in Industry.                  
                                          Q = A * K^α * L^β * E^ƴ 
Where Q is the real GDP, K is real capital stock, L is labour stock, A represents Total Factor 
Productivity(TFP), AND α, β, ƴ is the output elasticities of capital, labour and energy inputs 
respectively. 



International Journal of Environmental Sciences 
ISSN: 2229-7359 
Vol. 11 No. 9s, 2025 
https://theaspd.com/index.php 

 

832 

 

The production function coefficients are estimated using Regression analysis. The coefficients obtained 
from the regression provide insights into the share of Labour, Capital and Energy inputs and A 
represents Technological efficiency. The coefficients on In(k), In(L), and In(E) are interpreted, denoted 
by elasticity of capital, Elasticity of Labour and Elasticity of Energy inputs. 
This empirical approach allows assessing change in the productivity of industry related to sustainable 
production practices by quantifying the impact of labour, capital and energy inputs in green production 
by applying the Cob-Douglas production function and TFP on output. This captures the effect on 
output growth due to Technological progress and efficiency changes rather than just an increase in 
Factor Inputs. 
 
IV. Data Analysis & Interpretation 
By empirical analysis and studies, based on the elasticities estimated in the regression model and the Cob-
Douglas method, this section examines the relationship between economic growth, measured by real 
GDP, and Industry productivity, measured by TFP, using time series data from 1991 to 2025. By analysing 
the regression coefficients, we can assess the contribution of each independent variable capital and labour 
to industry output. While the TFP captures the impact of technological advancements and other 
efficiency gains. The analysis provides insight into efficiency and technology trends while assessing 
opportunities to enhance innovation for sustainability. 
IV.I Energy Input and Total Factor Productivity in Industry  
While there are no explicit signs of technology shocks on the graph, one can guess phases of TFP growth 
in response to the innovations taking place in industry. By about 2000, the TFP curve displays a gentle 
rising slope; that could be in response to improvements in automation technologies- possibly computer-
aided manufacturing (CAM), robotics, and lean manufacturing techniques. The mentioned technologies 
had a 3.2 percent improvement in TFP from the period of 2000 and 2005 as industrialized sectors started 
optimizing productions in different industries and waste reduction began.For example, around 2010 the 
curve of TFP was in its growth phase again after an increase in the adoption of Industry 4.0 technologies 
such as IoT big data, or advanced production, system. These innovations improved operational efficiency, 
supply chain management, and product quality, thereby giving rise to a 4.7% growth in TFP between 
2010 and 2015. Also, the use of energy-efficient machinery and integration of renewable energy in 
industrial operations also contributed to a large extent during this period. 

 
                                    Figure 1. Trends of Decoupling TFP and CO2 emission 
The TFP curve of the Paris Agreement (2015) undergoes a minor reduction while illustrating a decline of 
2.1% of TFP between 2015 and 2019. This might be the result of tougher environmental measures, 
increasing energy prices, as well as transitional cost disadvantages related to adopting cleaner and more 
sustainable technologies. During this period, firms began their respective investments in green technology 
related to carbon capture and storage, as well as other renewably sourced energy systems. Sure, those early 
investments were pretty expensive, but they really set the stage for some solid industrial growth. Now, if 
you remember the time between 2019 and 2021, there was a crazy 3.1% drop in Total Factor Productivity 
(TFP). Why? Well, the COVID-19 pandemic threw everything into chaos. We had supply chains all 
tangled up, workers were hard to find, and production just couldn't keep up. But hey, things started 
looking up after that. Between 2021 and 2022, we saw a nice 2.5% bump in TFP. What sparked this 
change? It was all about going digital faster, ramping up automation, and sticking to tough manufacturing 
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practices. I think it's pretty clear that innovation is like the secret sauce for keeping productivity on track 
in the industrial world. Investments in advanced technologies and sustainable practices not only enhance 
TFP but also contribute to the long-term decoupling of CO2 emissions from industrial growth. 
IV.II Twinning Productivity and Energy Inputs 
The graph shows the correlation between Energy Input and Total Factor Productivity (TFP) over time 
and the impact of innovation and energy use on economic growth and sustainability. Back in the 90s, 
from 1991 to 2000, the economy was on a roll with GDP going up, but TFP, which is like a measure of 
how efficiently stuff is made, was actually dropping. This basically means we were relying on good old-
fashioned, energy-heavy methods rather than getting smarter about how we did things. Then from 2000 
to 2015, things changed: TFP started climbing at about 15% a year. That's thanks to some cool new tech 
like solar panels and wind turbines, and just getting better at making stuff without using as much energy. 
During this time, the economy kept growing without needing as much traditional energy, which is pretty 
neat when you think about it. Energy use per GDP dropped by 1.2% each year.  
 

 
Figure 2. Twinning Energy Input  and TFP in Industry 
 
Since 2015, TFP growth has kind of hit a plateau. This is partly because everyone's trying to be eco-
friendlier and there are more rules about it now, like the ones in the Paris Agreement. Then came 2019 
to 2021, and bam! The pandemic hit, knocking TFP down by nearly 7%. It messed up production and 
supply chains big time. But guess what? GDP held its ground, showing that managing energy demands 
and throwing in some economic stimulus really worked. Post-2021, TFP rebounded significantly, growing 
by 8%, driven by the adoption of digital transformation, innovative energy solutions, and resilient 
industrial practices. This bounce-back period shows just how important things like smart grids, energy 
storage, and AI tools are for keeping the economy growing without using up all our energy resources. It's 
like proving that being innovative and efficient with energy is the way to go if we want to keep growing 
without burning out our planet's resources.  
 
V. Implication of the findings 
One big takeaway from the results is that innovation is super important when it comes to separating 
economic growth from its bad effects on the environment. Clean tech, renewable energy, and being smart 
about resources are some of the areas where sustainable innovation can really help cut down the negative 
impact of rising CO2 emissions on productivity. 
Policy Implications: Well, first off, we got to throw some serious cash at Research and Development. 
The government and big companies should be all in on this. We're talking about developing and rolling 
out clean tech like renewable energy sources, energy-saving gadgets, and tech that captures carbon 
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Every sector should jump on the sustainable bandwagon. Policies should push for things like the circular 
economy (basically, reusing stuff), efficient use of resources, and green manufacturing. Sounds fancy, but 
it's doable. 
 Innovating infrastructure: We need a supportive environment—think smart regulations, tax breaks, and 
easy access to funding. These are like the secret sauce to speeding up how fast we can develop and use 
sustainable tech.  
Growth versus Sustainability: Imagine a graph showing the tug-of-war between economic growth and 
keeping our planet in check. Innovation is like a double-edged sword—it can boost the economy but also 
stir up environmental headaches if we only focus on making money.In recent years, more folks are waking 
up to the need for sustainable innovation. This means shifting to tech and practices that boost 
productivity while keeping Mother Nature happy. 
 
VI. CONCLUSION 
This research paper explores the very intricate interplay between innovation, TFP, and economic growth 
while focusing on the need to mitigate environmental challenges, including CO2 emissions. With the 
use of a Cobb-Douglas production function, it analyzes India's major industrial sectors from 1991 to 2022 
to expose a nuanced relationship between TFP, energy inputs, and economic output. It identifies 
innovation as a key driver of growth, particularly through advancements in energy efficiency and 
sustainable practices such as Industry 4.0 and renewable energy integration, which have enhanced 
productivity while reducing resource dependence. The findings further highlight the potential of 
sustainable technologies to decouple economic growth from environmental degradation, as evidenced by 
periods of high TFP growth coinciding with reduced energy intensity and emissions. However, the 
transition to cleaner technologies, especially post-2015, initially imposed productivity challenges due to 
higher costs and regulatory demands, underscoring the complexities of sustainability transitions. 
Additionally, the study examines economic resilience during disruptions like the COVID-19 pandemic, 
emphasizing the critical role of innovation and digital transformation in fostering recovery and long-term 
resilience. 
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