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Executive Summary 
Driven by India’s ambitious rooftop solar (RTS) goals, individual states have designed solar policies and 
compensation mechanisms to help achieve specific targets established for each state. As costs decline and 
these systems are more widely adopted, policymakers, regulators, and other stakeholders may want to 
better understand the net costs and benefits of RTS to adopting and nonadopting customers, the grid, 
distribution companies (DISCOMs), and other power system stakeholders. Indian utilities generally 
perceive RTS systems as impacting their revenues, as consumers begin meeting on-site load with RTS 
generation. This is particularly pronounced for customers such as commercial and industrial entities, on 
whom DISCOMs rely to pay higher rates to help subsidize consumption from lower-income and smaller 
residential customers. RTS is more attractive for these larger customers as their tariffs are higher and they 
have more access to capital and financing than smaller customers. As of June 2020, approximately 73% 
of RTS installed capacity was deployed by commercial and industrial customers (Bridge to India 2020). 
These higher rates of RTS adoption among larger customer classes could exacerbate existing financial 
issues for DISCOMs and make cost recovery more difficult (Josey et al. 2018; Zinaman et al. 2020).  

These financial concerns can be addressed in part through changes to how RTS is compensated and to 
underlying retail tariffs for RTS customers. The Central Electricity Regulatory Commission and the 
Forum of Regulators recently updated the model regulations for RTS systems by allowing net billing and 
gross-metering at a rate defined by the state regulators. Likewise, some states (e.g., Gujarat and 
Maharashtra) have transitioned from net energy metering to net billing while other states have made 
efforts to do so (e.g., Karnataka). Finally, some states have suggested limits to RTS systems eligible for 
certain compensation mechanisms (e.g., Gujarat) and additional charges for interconnecting RTS systems 
(e.g., Maharashtra) (Zinaman et al. 2020). Analyses that quantify the costs and benefits associated with 
RTS adoption and operation can inform decision makers in the development and evaluation of RTS 
policies. One such analysis is a value of solar (VOS) study, which quantifies select costs and benefits 
surrounding RTS based on electricity system and other local data. These studies have been used in some 
jurisdictions to provide a data-driven evidence base to inform more cost-reflective RTS compensation or, 
alternatively, stay the course and largely maintain existing policies. These studies can also inform 
discussions around the unique contributions RTS provides to the power system relative to equivalent 
utility-scale generation, and how these contributions vary throughout the year or across a region. Such 
comparisons can be important when developing policies and planning for the optimal mix of generation in 
power system looking forward. Additionally, studies that offer more granular resolution (e.g., at the sub-
state level) can inform policies and compensation mechanisms that help decision makers, power system 
operators and developers target deployment of RTS in areas of the grid where RTS generation provides 
the most benefit to all stakeholders.  

This report provides a VOS analysis for two states in India: Gujarat and Jharkhand. The methodology 
considers four benefit categories (Energy, Generating Capacity, Transmission Capacity, and 
Environmental and Health), two cost categories (Program Administrative Costs and RTS Integration 
Costs), and two scenarios (existing levels of renewable energy capacity and significant capacity additions 
to meet established renewable energy targets). Between the two states analyzed, there are significant 
differences in power system sizes and generation mix, renewable energy targets and resource potential, as 
well as adopted compensation mechanisms. While there are some similarities in analysis results for each 
state, differences in the power system contexts outlined above have also led to significant differences in 
the values for RTS in the two states (Table 6, Section 3.3). The total VOS is lower in Jharkhand than in 
Gujarat, owing to the differences in Energy and Generating Capacity values (at existing solar photovoltaic 
[PV] penetrations). The lower relative Energy and Generating Capacity values in Jharkhand are, 
respectively, associated with lower overall electricity generation costs in Jharkhand and poor alignment 
between RTS generation and system peak demand in Jharkhand.  
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Other key analysis findings include: 

• The value of RTS is strongly context-dependent, based on underlying load patterns and 
generation mixes in the states of Jharkhand and Gujarat. As demand patterns and generation 
mixes in the two states, and in India more broadly, change, the VOS is also likely to change. In 
general, without interventions such as energy storage or additional transmission to export surplus 
renewable energy, solar PV’s highly coincident generation pattern might lead to a lower VOS 
under higher solar penetrations. This analysis suggests that additional installed capacity of RTS 
and utility-scale solar PV in line with stated government goals could suppress the VOS in Gujarat 
but would minimally impact the VOS in Jharkhand. Gujarat has a target of over 12 GW of RTS 
and utility-scale solar under Ministry of New and Renewable Energy (MNRE) goals, while 
Jharkhand has a target of less than 1 GW of combined RTS and utility-scale solar capacity under 
MNRE goals. 

• Grid exports from RTS in both states, under both scenarios considered, can help reduce the 
operating and capital costs associated with running the power system. Under today’s renewable 
energy penetration levels and RTS installed capacity (Base Case), the marginal value of RTS 
generation is 4.8 rupees per kWh of RTS generation for Gujarat and 2.3 rupees per kWh for 
Jharkhand. These values are calculated as the combined Energy, Generating Capacity and 
Transmission Capacity values at the current RTS installed capacity levels in each state. Under 
expected renewable energy penetration levels given stated government goals (MNRE Goals), 
including new RTS capacity installations, the marginal VOS drops to 3.8 rupees per kWh for 
Gujarat and 2.3 rupees per kWh for Jharkhand. The lower value for Jharkhand is influenced by its 
lower electricity generation costs and demand pattern. The larger drop in value in Gujarat 
between the two scenarios is largely due to the exceedingly high level of solar PV expected in the 
state under government goals. 

• Separate from the operating and capital benefits that accrue to the DISCOM above, RTS provides 
significant environmental and health benefits to society, including addressing climate change and 
reduced deaths and complications associated with pollutants from conventional electricity 
generation. This Environmental and Health value is in the range of 5.2 rupees per kWh and 7.0 
rupees per kWh across both states and both scenarios. These values are calculated as the product 
of estimates for the emissions rate of an average coal power plant and for the health costs 
associated with an increase of a given pollutant (see Table A-4 for estimate values and sources). 
Air quality in India is, on average, exceedingly poor; according to the World Health 
Organization’s 2018 Global Ambient Air Quality Database, 13 of the top 20 cities by annual 
average concentration of PM2.5 were in India (World Health Organization 2019). This poor air 
quality has profound impacts on the health of the populace: Of the total deaths in India for 2017, 
12.5% could be attributed to air pollution, approximately 0.67 million of those deaths due to 
ambient particulate matter pollution (Balakrishnan et al. 2019). While only a portion of these 
deaths are associated with pollution from conventional electric generation, reducing air pollution 
from conventional electricity generation has the potential to reduce this number of deaths; indeed, 
our findings indicate that RTS has substantial health benefits resulting from reduced NOx, SOx, 
and particulate emissions. 

• Taking the Environment and Health value into consideration, the VOS in both states for today’s 
penetrations of renewable energy exceeds the retail tariff and compensation rate for both states 
(less than 5 rupees per kWh in Gujarat, less than 6.25 rupees per kWh in Jharkhand). This 
indicates that RTS exports and self-consumption provide a net benefit to society in the two states. 
These benefits, however, do not accrue solely to DISCOMs who must financially compensate 
RTS exports or who see reduced sales from RTS self-consumption. Our analysis suggests that the 
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short-term VOS is 2.3–4.6 INR/kWh across the scenarios considered for Gujarat and Jharkhand, 
when the Environmental and Health value is excluded, which is lower than the present average 
retail tariff and compensation rates in the two states. Mechanisms such as emissions markets and 
carbon markets for generators may ensure more accurate sharing of the environmental and health 
benefits of RTS with all power system stakeholders. More accurate price signals, in turn, can help 
ensure more socially and economically optimal investments in RTS and other power system 
assets. While such mechanisms have the risk of complicating utility revenue recovery and 
increasing tariffs for low-income customers, additional policy interventions can help ensure other 
policy objectives (such as energy affordability) are not negatively impacted (see the Policy 
Options to Equitably Distribute Environmental and Health Benefits of RTS textbox in Section 
4.2).  

Policymakers, regulators, and other power system stakeholders can use the results from this analysis to 
determine whether compensation mechanisms for RTS should be revised in light of concerns around cost-
shifting between RTS-adopting and RTS-nonadopting customers. In combination with revenue impact 
analyses, which calculate the costs associated with RTS self-consumption and compensation, VOS 
analyses can quantify the net impact of RTS on DISCOMs and ratepayers. This data-driven approach to 
RTS compensation can both drive RTS adoption where it is most beneficial as well as maintain RTS 
deployment without exacerbating cost-shifting concerns. While the methodology behind VOS analyses 
will depend on numerous factors, this report also includes a VOS Lite analysis using a simple Excel 
model and publicly available data that can be utilized by any jurisdictions interested in estimating the 
benefits and costs of RTS adoption in their region (Appendix B). 
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1. Introduction and Background 
The Government of India has established an ambitious goal of installing 175 GW of renewable energy by 
2022; the majority of the goal comprises wind (60 GW) and solar (100 GW).1 Of the 100-GW solar 
target, 40 GW is intended to be rooftop solar (RTS),2 with specific targets established for individual states 
(National Institution for Transforming India 2015). Driven by these RTS goals, individual states in India 
have designed solar policies and compensation mechanisms to help achieve these specific targets. 
Compensation mechanisms can be defined as instruments to reward the distributed generation (DG) 
system owner for electricity that is self-consumed and/or exported to the grid (Zinaman et al. 2017). 
Common compensation mechanisms such as net energy metering, net billing, and buy-all, sell-all 
schemes have played a critical role in enabling the growth of RTS worldwide (Denholm et al. 2014; 
Steward and Doris 2014).3 These policies have employed relatively simple methods to determine 
compensation levels for electricity exported to the distribution network by RTS systems, typically derived 
from existing values such as the average power purchase cost or retail tariff (Holm et al. 2019). Such 
approaches to RTS compensation have had the benefit of being both easily calculable by program 
administrators and readily understandable by customers and developers. 

The dramatic growth of DG in power systems around the world and the broader evolution of the 
distributed energy sector has led to concerns, however, that existing compensation mechanisms may no 
longer sufficiently capture the net value (costs and benefits) of DG (Holm et al. 2019). Increasing 
sensitivity to cost-shifting between adopting and nonadopting customers has also spurred calls to review 
compensation mechanisms (Barbose 2017; Holm et al. 2019).4 Likewise, many stakeholders believe 
current compensation mechanisms are not sophisticated or cost-reflective enough of the actual value of 
exports to the grid to align the behavior of DG with the needs of the power system. Sufficiently 
estimating the net value of DG exports can help inform the design of tariffs to compensate DG system 
owners for exports to the power system. Furthermore, accurately capturing the (often changing) value of 
DG exports to the power system can ensure grid-friendly deployment and operation of DG systems, as 
customer compensation is more closely related to the value to the power system.  

As PV system costs continue to decline and awareness of the benefits of RTS grows, RTS will likely 
become increasingly common in many parts of India and continue to play a larger role in the operation of 
the broader power system.5 To ensure that the deployment and operation of these distributed systems 

 
 

1 Prime Minister Modi announced at the United Nations Framework Convention for Climate Change that this target 
would be revised to 450 GW of renewable energy by 2030; however, no official circular has yet been released for 
the revised target and the model used in this analysis was developed based on the current goal of 175 GW by 2022. 
Therefore, the value of solar (VOS) analysis discussed here will use the 175 GW by 2022 goal. 
2 RTS here refers to solar photovoltaic (PV) systems installed behind the customer’s meter. RTS installations are 
typically owned by individual customers, as opposed to large developers or utilities, and they are typically operated 
by customers to reduce the customer’s utility bills (or to provide reliable power in case of a grid failure). RTS is the 
term commonly used in India, even though these types of systems are not necessarily located on rooftops. 
3 Feed-in tariffs have also been used throughout the world to stimulate the adoption of DG, but are considered to be 
“predetermined sell rates for electricity fed into the grid,” as opposed to compensation mechanisms, as feed-in tariffs 
do not involve a specific metering and billing arrangement. See Zinaman et al. (2017) for more on the components 
of compensation mechanisms for DG. 
4 Cost-shifting in this context refers to the process in which utilities, facing declining volumetric sales of electricity 
due to some customers offsetting their consumption through DG, must increase tariffs on all customers to recover 
sufficient revenue to pay for the fixed costs of operating the power system, which remain relatively constant 
regardless of how much energy is consumed by customers. 
5 For up-to-date information on the deployment (cumulative and new additions) of RTS, as well as utility-scale solar 
PV and wind, see MNRE’s Physical Progress page: https://mnre.gov.in/the-ministry/physical-progress. 

https://mnre.gov.in/the-ministry/physical-progress
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neither negatively impacts the operation of the power system nor the financial health of utilities 
(distribution companies [DISCOMs] in particular), policymakers, regulators, and stakeholders may want 
to more accurately understand the net costs and benefits of RTS to the power system, ratepayers, and 
society at large.    

This report describes a value of solar (VOS) analysis framework for assessing the currently unmonetized 
benefits that RTS can provide to the power system. A VOS analysis can also help quantify the net impacts 
of RTS adoption on utility revenue sufficiency and overall value of an RTS program to the grid (see 
Section 1.2 for more information on VOS analyses and how they have been used in other jurisdictions). 
The report focuses on the VOS in two Indian states: Gujarat and Jharkhand. The two states were selected 
to represent two different power system contexts for the deployment of RTS (see Section 1.1 for more 
details on the power systems of Gujarat and Jharkhand). While the VOS framework presented in this 
report can be applied in many contexts and jurisdictions, the methods used and the end results can vary 
widely depending on local power system contexts, decision maker priorities, the timeframe of the 
analysis, the complexity of analysis methods used, and the granularity of available data (Holm et al. 
2019). This report was prepared under the U.S. Agency for International Development (USAID)-National 
Renewable Energy Laboratory (NREL) Partnership, and in collaboration with the USAID Partnership to 
Advance Clean Energy Deployment 2.0.6 

1.1 Gujarat and Jharkhand Context 
Power system contexts can vary considerably between states in India in terms of renewable energy 
targets, electricity consumption patterns, policy objectives, power quality, siting and resource availability 
for renewable energy resources, financial health of local utilities, infrastructure availability, and 
compensation mechanisms. This section highlights some important distinctions between the Gujarat and 
Jharkhand power system contexts, which in turn can influence the potential for RTS to provide value to 
the power system. For instance, in states with higher peak demand periods that occur during hours of RTS 
operation, RTS may have a larger relative opportunity to reduce the need for new peaking capacity. Or if 
a given state already has a large share of existing RTS on its power system, then there may be a relatively 
smaller opportunity for new RTS to provide additional value to the power system. Understanding the 
existing or forecasted power system contexts for Gujarat and Jharkhand can help in interpreting the 
results for the VOS analysis and for identifying why those values might differ between states or change 
over time.  

The state of Gujarat has high solar PV and wind renewable energy targets, which are based on forecasted 
energy demand, with excellent underlying resources and good siting availability in many parts of the state 
(Power Grid Corporation of India 2012). Jharkhand, conversely, has less available land for larger scale 
projects and poorer underlying solar resources (NISE 2014; NREL and USAID 2020) (Table 1 and Figure 1). 

Table 1. RTS Targets and Deployment for Gujarat and Jharkhand 

 

Forecasted 
2021-22 Annual 
Energy Demand 

MNRE 
Target 2022 

Cumulative RTS 
Capacity by June 2020 

Annual Additions of RTS 
July 2019–June 2020 

Gujarat 98 GWh 3,200 MW 383 MW 61–120 MW 

Jharkhand 23 GWh 800 MW 53 MW < 20 MW 
Note: Annual capacity additions based on categories established in Bridge to India (2020). 
Source: MNRE and GOI (2015); CEA (2018a); Bridge to India (2020) 

 
 

6 For more information on the Partnership to Advance Clean Energy program, see: https://www.pace-d.com/. 

https://www.pace-d.com/
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Figure 1. Global horizontal irradiance for Gujarat and Jharkhand. 

Original illustration. Data source: (NREL and USAID 2020). 

The overall size of the power systems in the two states also varies considerably, with Gujarat experiencing 
approximately five times the total and peak demand as Jharkhand. In the 2021–22 period, Gujarat is 
forecasted to have a total annual energy demand and peak demand of 98 GWh and 15 GW, respectively, 
whereas Jharkhand is forecasted to have 23 GWh and 3.9 GW, respectively (CEA 2018a). This difference in 
demand is likely driven by differences in the population and economy between the states: As of the 2011 
Census, Gujarat had over 60 million residents compared to Jharkhand with approximately 33 million; and, 
as of 2019, Gujarat had a per capita State Domestic Product of over 150,000 rupees compared to Jharkhand 
with less than 55,000 rupees (Planning Commission 2013, Reserve Bank of India 2020). Gujarat also has a 
much more diverse generating capacity mix than Jharkhand. According to the power system model behind 
this study (see Sections 2 and A.1), Gujarat has significantly more wind, solar PV, hydropower, and nuclear 
resources than Jharkhand (Palchak et al. 2017b). 

Both states feature net energy metering as the primary compensation mechanism for RTS PV exports, 
although Gujarat has recently created a net billing scheme as an alternative to its net energy metering 
scheme (Gujarat Electricity Regulatory Commission 2020).7 For net metering, any net surplus energy 
generated at the end of the billing cycle in Gujarat is purchased by the utility at the average pooled 
purchase cost, as decided by the Gujarat Energy Regulatory Commission annually (Gujarat Electricity 
Regulatory Commission 2016), whereas in Jharkhand, the credit is rolled over to the next billing cycle 
(Jharkhand State Solar Rooftop Policy 2018). For net billing in Gujarat, the sell rate at which injections 
from RTS to the grid are rewarded depends on the customer class of the RTS system owner (Gujarat 
Electricity Regulatory Commission 2020). 

 
 

7 Under net energy metering, customers can export energy generated by their DG system in excess of their onsite 
consumption to the grid. These exports receive a credit in kilowatt-hours that the customer can use to offset 
consumption from the grid, within the same billing cycle and often future billing cycles. The customer is billed for 
the net energy consumption within a billing cycle (consumption from the grid less DG exports). Under net billing, 
customers can still export any energy generated by their DG system in excess of onsite consumption to the grid. 
However, instead of receiving a kilowatt-hour credit, any exports to the grid are metered and credited at a 
predetermined sell rate at the moment of export. Customers must pay for net consumption from the grid at the retail 
rate and are compensated for net exports to the grid at the sell rate (Zinaman et al. 2017). 
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1.2 Introduction to VOS 
In recent years, many jurisdictions have begun reviewing or altering existing net energy metering policies. 
These reviews are primarily motivated in a response to the growth of RTS and corresponding changes in 
how the power sector is operated, particularly at the distribution level (North Carolina Clean Energy 
Technology Center 2019).8 As distributed assets such as RTS begin to play a more prominent role in the 
grid, causing reverse power flow and potentially providing valuable services to the broader power system, 
compensation mechanisms are coming under new scrutiny to ensure they send appropriate signals to 
customers and do not negatively impact nonadopting customers. One important tool for regulators, 
decision makers, utilities, and other stakeholders to evaluate the impacts of RTS adoption and operation 
on the power system and society more broadly is a VOS study. At the highest level, a VOS study provides 
a quantitative evidence base that can be used by decision makers to evaluate RTS policies. It can drive 
changes to existing policies toward more cost-reflective RTS compensation, or, alternatively, can provide 
confidence for the decision maker to stay the course and largely maintain existing policies.  

A VOS analysis relies on a bottom-up approach to arrive at a comprehensive value for RTS based on the 
benefits and costs of RTS to the system. By considering certain categories of costs and benefits, it 
provides a more granular, data-driven approach to compensate RTS producers. While no standard 
methodology exists, broad categories typically considered in VOS studies include energy value, avoided 
transmission and distribution losses, generation capacity, transmission and distribution capacity, 
environmental costs and benefits, ancillary services, and other factors such as fuel price hedging and 
market-price suppression (Denholm et al. 2014). Some of the more common elements in the VOS are 
defined in Table 2. A select number of these elements are also depicted in Figure 2, including the “Lost 
Electricity Sales” cost, which is an important consideration for DISCOMs but is typically not assessed in 
VOS analyses. 

Table 2. Common Benefits and Costs Assessed in a VOS Analysis 

Value Element Explored in This 
Study? 

Cost (C) or 
Benefit (B)? Description 

Energy benefits Yes, Energy value 
(Section A.2) B Avoided fuel costs resulting from reduced need for conventional 

electricity generation. 

Generation 
capacity benefits 

Yes, Generating 
Capacity value 
(Section A.3)  

B In some cases, RTS can offset or delay future capital 
expenditures (CAPEX) in generation capacity. 

Transmission 
and distribution 
capacity benefits 

Transmission Capacity 
value (Section A.4) B In some cases, RTS can offset or delay future CAPEX in 

transmission or distribution capacity. 

Avoided line 
losses 

Yes, Avoided 
Transmission and 

Distribution Loss value 
(Section A.5) 

B 

Line losses resulting from transmission and distribution of 
electricity from generator to end customer are avoided since 
RTS generation is consumed at or near where it is produced. 
Note that this only applies to technical losses; nontechnical 
losses cannot be offset by RTS as they are not a function of the 
distance between the source of generation and load. 

 
 

8 While many jurisdictions around the world have investigated the benefits of distributed solar PV, a literature 
review conducted found that VOS analyses have been entirely concentrated within the United States, albeit in vastly 
different contexts.  
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Table 2. Common Benefits and Costs Assessed in a VOS Analysis 

Value Element Explored in This 
Study? 

Cost (C) or 
Benefit (B)? Description 

Environmental 
benefits 

Yes, Environmental & 
Health value (Section 

A.6) 
B 

When RTS generation offsets fossil-fuel conventional 
generation, the environmental costs of those generation types 
are avoided. These costs could cover damage to local 
ecosystems through acid rain or mitigation efforts to combat 
climate change, or compliance costs within existing policy 
frameworks. 

Health benefits 
Yes, Environmental & 
Health value (Section 

A.6) 
B 

When RTS generation offsets fossil-fuel conventional 
generation (particularly from coal), the negative health impacts 
from that generation are also reduced. These costs could cover 
hospitalizations due to asthma and cardiovascular disease 
associated with exposure to pollution. 

Ancillary service 
benefits No B 

In some cases, smart inverters can provide voltage control and 
reactive power, resulting in ancillary service value from RTS 
generation. 

Price hedging No B 
RTS generation reduces exposure to fluctuating fossil fuel 
prices tied to conventional generation and provides hedging 
value against these risks. 

Market price 
suppression 
benefit 

No B 

With increased levels of solar generation, average wholesale 
electricity prices could be depressed during the day due the 
merit order effect (higher marginal cost generators are avoided 
due to zero-marginal cost solar), providing value to all electricity 
consumers in the medium term. 

Macro-economic 
benefits No B 

The deployment of RTS in sufficient quantities can often have 
measurable macro-economic benefits, particularly surrounding 
the creation of jobs in industries related to manufacturing and 
installing RTS systems. 

Resilience 
benefits No B 

RTS, in particular if combined with an energy storage system, 
can help provide backup power to meet load during grid 
outages. This can provide significant societal benefit if used to 
power critical loads, such as hospitals or emergency shelters, 
during extreme events. 

Administrative/ 
billing costs 

Yes, Program 
Administrative Costs 

(Section A.7) 
C 

There may be additional costs related to setting up billing 
systems and administrative procedures to manage the RTS 
program. Such costs can include wages for DISCOM 
employees to manage the program or additional time needed to 
process billing and crediting for RTS customers. 

Integration costs Yes, RTS Integration 
Costs (Section A.7) C 

Managing RTS generation variability and uncertainty can 
increase operations and maintenance costs for conventional 
generation. Such costs can include increased conventional 
power plant cycling caused by changes in net load (e.g., the 
load minus RTS generation) in the middle of the day, or 
distribution system reinforcement to manage voltage 
fluctuations caused by RTS exports. 
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Figure 2. Illustration of common costs and benefits associated with DG such as RTS 

Some of these elements of value are directly monetizable (i.e., can be reflected on utility balance sheets, 
such as energy value, avoided losses, generation capacity value), whereas others are externalities that are 
not easily monetized (e.g., health benefits from reduced particulate emissions from coal plants, macro-
economic benefits from job creation). Depending on the objective of the VOS analysis and the priorities 
for decision makers using its results, different sets of value elements can be included. In fact, in the 
formal studies that have been completed since 2012 in the United States, very few considered the exact 
same set of value elements. In addition to exploring different sets of values, the methodologies of VOS 
studies are also strongly influenced by both the availability of data as well as the institutional capacity of 
the stakeholders conducting the analysis (Holm et al. 2019).9 Well-staffed researchers with access to 
granular data and comprehensive power system models will be better suited to conduct more complex 
VOS analyses with more value elements considered. For stakeholders attempting to evaluate the costs and 
benefits of existing net metering or net billing compensation mechanisms, however, a less granular 
approach may be satisfactory, as well as simpler and lower cost to implement. Regardless of the 
methodology implemented, or the values investigated, as VOS analyses rely heavily on current 
understandings of power system contexts, they can typically only provide a snapshot into the VOS based 
on the chosen inputs to the analysis. As the underlying power system contexts change (as they are in 
India), the ability of RTS to offset certain costs associated with the power system will also change. Thus, 
VOS analyses should be performed regularly and should be used to inform near-term conditions, or, for 
forecasted power systems, to estimate the VOS in the future. For more information on the limitations of 
this methodology, see Section A.9.  

In recent years, many jurisdictions have begun reviewing or altering existing net energy metering policies. 
These reviews are primarily motivated in a response to the growth of RTS and corresponding changes in 
how the power sector is operated, particularly at the distribution level (North Carolina Clean Energy 

 
 

9 For more information on how VOS frameworks have been employed in the United States, see Sections 4, 5, and 6 
of Holm et al. (2019). Table 2 of Holm et al. (2019) in particular highlights the values that have been explored in 
select jurisdictions for VOS analyses. The accompanying presentation in Cory (2019) provides a similar overview of 
values considered in VOS analyses. 
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Technology Center 2019). As distributed assets such as RTS begin to play a more prominent role in the 
grid, causing reverse power flow and potentially providing valuable services to the broader power system, 
compensation mechanisms are coming under new scrutiny to ensure they send appropriate signals to 
customers and do not negatively impact nonadopting customers. One important tool for regulators, 
decision makers, utilities, and other stakeholders to evaluate the impacts of RTS adoption and operation 
on the power system and society more broadly is a VOS study. At the highest level, a VOS study provides 
a quantitative evidence base, which can be used by decision makers to evaluate RTS policies. These 
studies have been used in some jurisdictions to provide a data-driven evidence base to inform more cost-
reflective RTS compensation or, alternatively, stay the course and largely maintain existing policies.  

In the United States in 2019, 22 states plus the District of Columbia were at different stages in quantifying 
the VOS (North Carolina Clean Energy Technology Center 2019). These studies are often motivated by 
legislative actions to either evaluate the current RTS program costs and benefits or to explore alternatives 
to current policy mechanisms to compensate RTS generation, which is currently net metering for most 
states (North Carolina Clean Energy Technology Center 2019). In some cases, the VOS is deemed high 
enough to maintain current RTS compensation policies or to make minor changes. In California in 2016, 
for example, regulators determined to maintain net metering with minor adjustments, including small 
nonbypassable volumetric energy charges in order for RTS customers to pay for services whose costs 
RTS cannot reduce (e.g., the Public Purpose Program Surcharge, which helps fund low-income 
subsidies). Moreover, new RTS customers in California are now obligated to adopt a time-of-use tariff, so 
that their RTS generation is valued at a rate that is more closely tied to utility costs.10 If the VOS and total 
costs of the RTS program is deemed higher than associated benefits, jurisdictions can choose to pivot 
away from net metering. For example, a VOS tariff is an alternative to current net energy metering 
structures and looks to compensate RTS producers at a level that corresponds to the assessed value that 
solar provides to the electricity system. In this case, the compensation of RTS is no longer tied to the 
customer’s underlying retail tariff but rather to the broader power market context. 

The state of New York, for example, has developed a Value of Distributed Energy Resources (VDER) 
framework to eventually replace net energy metering tariffs. VDER compensates customers by capturing 
several different values including energy, environment, generating capacity, distribution and transmission 
capacity, and distribution and transmission losses. The compensation customers receive for energy 
exports varies across utility territories (and sometimes within the same territory) as well as over time, 
depending on when distributed energy resource (DER) exports are most valuable to the broader power 
system. The VDER framework has been adjusted several times since its inception in order to balance 
investors’ need for revenue stability and certainty with the dynamic value of RTS exports to the power 
system (NYPSC 2019).

11 

 
 

10 For a more detailed explanation of how time-of-use tariffs can align customer costs, RTS compensation and 
power system needs, please see Section 4.2.1 of Zinaman et al. (2020). 
11 New York has taken several other steps toward more cost-reflective compensation mechanisms and reducing cost-
shifting, such as offering time-of-use tariffs and developing Customer Benefit Contribution charges ($ per kWDC per 
month) for RTS customers, as a part of its broader Reforming the Energy Vision Initiative (NYPSC 2020). These 
charges are meant to help recover, although not entirely, the fixed costs of operating the power system that might 
otherwise need to be recovered through increased retail tariffs on all customers. See Footnote 4 for additional 
information. 
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New York’s VDER Framework 

New York’s VDER framework seeks to compensate customers’ exports at a rate equivalent to the value those 
exports provide to the power system. VDER seeks to balance the need for fluctuating compensation to match the 
changing value of the exports against the need for stability to provide a measure of investor confidence that 
investments in DER like RTS will be economically viable over the asset’s life. A selection of values from the 
VDER “value stack” are detailed below: 

The energy value is based on the day-ahead wholesale market prices of the regional transmission operator’s load 
zones in which the DER is located. These prices, and therefore the compensation rate, change every hour, 
providing highly reflective, if uncertain, signals to the DER. 

The capacity value is based on averaged capacity auction market values and are fixed 1 year at a time. Under one 
option of VDER, the capacity value can only be earned for exports during certain hours of the year when the 
power system’s peak demand is expected. 

The demand reduction value is a measure of the ability of DERs to reduce the need for investments in 
transmission and distribution infrastructure by reducing demand during certain hours of the year when such 
infrastructure may be reaching its capacity limits. The demand reduction value is calculated by each major utility 
in New York based on historic cost information of past investments, and the hours in which the DER can earn the 
demand reduction value are determined by the utilities based on system peak demand periods. The demand 
reduction value compensation rate changes regularly for new systems but is fixed for a given DER system for 25 
years to provide a measure of investor certainty. 

The environmental value is based on the higher of the Renewable Energy Certificate prices (which are used to 
determine compliance with state-mandated renewable portfolio obligations) or a calculated Social Cost of 
Carbon. The level of compensation for the environmental value is likewise fixed for a given DER system for 25 
years to provide additional investor certainty. 

Together, these values help align the deployment and operation of DER with the broader needs of the power 
system. 

Sources: (NYPSC 2017, NYPSC 2019) 



9 
This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

2. VOS Analysis: Methodology Overview 
The VOS analysis for the states of Jharkhand and Gujarat (referred to throughout the report as VOS Full) 
relied on a combination of publicly available data and a unit commitment and economic dispatch (UCED) 
model to capture how exports from RTS could feasibly impact the operation of the power system. The 
UCED model was developed as part of the Greening the Grid initiative with significant stakeholder 
feedback, and it models the Indian power system in high levels of granularity, with additional granularity 
for specific Indian states (Palchak et al. 2017a; Palchak et al. 2017b). Five values were explored, chosen 
based on the availability of data and methodology. These values, while capturing a large portion of the 
value of RTS in each state, are not exhaustive of the benefits or costs that RTS can provide or induce. 
Table 3 provides an overview of the values and costs considered. A more in-depth discussion on the 
UCED model and value methodologies employed can be found in Appendix A. Limitations of the 
analysis’ methodology can be found in Section A.9.  

Table 3. Overview of Values and Costs Considered in the VOS Full Analysis 

Value or Cost Explanation of Methodology 

Energy Value (Section 
A.2) 

The UCED model generates a metric, the short-run marginal cost (SRMC), that 
represents the economic value of reducing generation from a given unit. The 
highest SRMC from generating units in each hour was used as the energy value. 

Generating Capacity 
Value (Section A.3) 

Net load patterns from the UCED were used to determine the fraction of RTS 
capacity that could be relied upon to meet peak demand. This was combined with 
assumptions on the costs of the next new generating capacity addition. 

Transmission Capacity 
Value (Section A.4) 

The UCED model generates information on energy prices at specific nodes within 
the power system of each state. The transmission capacity value was taken to be 
the difference in these nodal prices given assumptions about the node at which 
RTS would inject energy. 

Avoided Transmission and 
Distribution Loss Value 
(Section A.5) 

The state average distribution and transmission losses were used to scale up the 
other four values explored as less generation and capacity would be needed from 
local RTS than from distant centralized units. 

Environmental & Health 
Value (Section A.6) 

Assumptions of the emissions rate of the power plants that would be turned down 
in response to RTS were combined with assumptions of the monetized 
environmental and health benefits of reduced emissions, yielding benefits in terms 
of RTS generation. 

RTS Integration Costs 
(Section A.7) 

Integration costs for Gujarat and Jharkhand were converted from commonly 
accepted average integration costs in the United States. Due to differences in costs 
of labor, which are a driver of integration costs, integration costs for the Indian 
states were assumed to be a fraction of those in the United States. 

RTS Program 
Administrative Costs 
(Section A.8) 

Initial RTS program costs were assumed to be fully recovered by the year of the 
study’s focus. Recurring (annual) program costs were included and were based on 
discussion with NREL analysts and in-country USAID partner TetraTech. 
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Two scenarios were explored for the VOS Full analysis for Jharkhand and Gujarat in the UCED model, a 
Base Case and MNRE Goals. In both scenarios, the same underlying load patterns and operational 
characteristics of the power system (e.g., ramp rates of the generation fleet, transmission capacity) were 
assumed, based on conversations with Indian power system stakeholders during the creation of the UCED 
model. Additionally, the same thermal generating capacity was assumed in both scenarios, based on the 
National Electricity Plan and conversations with stakeholders. Finally, both scenarios model the Indian 
power system for the year 2022 (based on assumed load patterns and generating and transmission 
capacity). In the Base Case scenario, similar levels of solar PV (RTS and utility-scale) and wind 
generating capacity as today (2020) are assumed. In the MNRE Goals scenario, significant solar PV and 
wind capacity additions to achieve the state-level MNRE targets for renewable deployment are assumed. 
Figure A- 1 in Section A.1 provides a high-level overview of the process of using UCED models and 
assumptions on the power system to model various metrics in high granularity on the operation of the 
power system, which can be used for analyses such as VOS studies. 

In addition to the UCED-based VOS Full analysis for Jharkhand and Gujarat, a second VOS analysis 
(referred to in this report as VOS Lite) was also performed for the state of Jharkhand using a simplified 
Excel-based model and publicly available data. The results in the rest of this report, unless otherwise 
noted, refer to VOS Full results. Information on the methodology used and values explored for the VOS 
Full analysis can be found in Appendix A. Results for the state of Jharkhand from the VOS Lite analysis 
can be found in Appendix B. An explanation for the motivation of the VOS Lite study is provided in the 
text box below. 

Motivations for a Separate VOS Lite Analysis 

The VOS Full and VOS Lite analyses attempt to provide an estimate of the value RTS can provide to the 
power system and society. The VOS Full provides highly granular estimates (geospatially and temporally) 
of this value and makes it possible to estimate several potential sources of value from RTS. Furthermore, 
changes to the power system (such as between scenarios) are reflected in more granular detail in the VOS 
Full model than could be achieved with the VOS Lite model. For instance, myriad effects from additional 
wind and solar PV capacity (including changes to how coal plants must ramp up and down or how 
transmission constraints may change) are captured in the UCED model. Thus, the VOS Full analysis is a 
more thorough approach that captures more values in higher granularity and can be adjusted to reflect 
various scenarios and future cases while maintaining a high degree of accuracy. 

While the use of the UCED model provides accuracy and granularity, it also makes the VOS Full analysis 
more opaque, as stakeholders are not able to see all of the assumptions in the UCED model. The UCED 
model is also complex, and the metrics it produces, while thorough, may be challenging to interpret to 
stakeholders unfamiliar with UCED models. The VOS Lite approach uses publicly available data and a 
transparent Excel model and is more interpretable to stakeholders. As the Excel model is open source, 
other jurisdictions can easily change input data to match their local context without having to rerun a 
UCED model to output results. That said, the VOS Lite approach requires historical data and may not be 
appropriate for examining future scenarios, in particular if the power system is expected to undergo 
significant changes to demand patterns or generating capacity mixes, as could be expected in India. 

The two approaches represent a tradeoff in granularity, forecasting and scenario-building capabilities on 
the one hand and interpretability, replicability, and ease of use on the other. 
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3. VOS Analysis Results: VOS Full 
The following subsections detail the results from the VOS Full analysis for Gujarat and Jharkhand. The 
states are dealt with separately in Section 3.1 and 3.2 for Gujarat and Jharkhand, respectively, before 
being compared across the states in Section 3.3. 

3.1 Gujarat Results 
The final results for the state of Gujarat from the VOS Full analysis for the Base Case and MNRE Goals 
scenarios are shown in Table 4. In the Base Case scenario, the driving RTS values were the 
Environmental and Health and Energy values and, to a lesser extent, the Generating Capacity value, with 
negligible contributions from the Transmission Capacity value. In the MNRE Goals scenario, both the 
Energy and Generating Capacity value decline relative to the Base Case. The Energy value decreased 
approximately 7% and the Generating Capacity decreased by over 99%. 

Table 4. VOS Full for State of Gujarat for Base Case and MNRE Goals Scenarios 

 

The Generating Capacity value is driven by: (1) the alignment of when RTS generates power and when 
the bulk power system experience peak net demand; and (2) the cost of the next generation capacity 
addition.12 The costs of the next generating unit and the hours in which RTS was generating were 
assumed to be the same between the two scenarios. Therefore, the drastic drop in the Generating Capacity 
value is driven largely by changes in when the system’s peak net demand occurs. Figure 3 shows how the 
peak net load changes dramatically between the two scenarios as additional solar and wind generating 
capacity are added to the power system. The net load is relatively flat in the Base Case rainy season, and 

 
 

12 Peak net demand is used, rather than peak demand, as net demand represents the total demand less VRE 
generation, or the demand that must be met with conventional generating resources. For more information, see 
Section A.3. 
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has mid-day peaks for the Base Case the spring, summer, and winter. Late-day peaks in the average net 
load appear in the winter and spring, as well as the fall. The yellow bars in the background represent RTS 
generation in the two scenarios, with darker shades corresponding to higher levels of RTS generation, 
which has a greater impact on the net load (see note below figure).  

As can be seen in Figure 3, in the Base Case scenario, hours of peak net demand can reasonably be 
expected to occur during hours of RTS generation. This is a result of relatively low overall penetration of 
the RTS in Gujarat. In the MNRE Goals scenario, however, the peak net demand periods are more likely 
to occur outside the hours of RTS generation. This is because RTS and utility-scale generation are highly 
coincident (or, occur at the same time) and with enough solar generating capacity installed, the periods of 
net peak demand will shift to occur outside the hours of solar generation. The result is that the summer 
and rainy seasons have peak net load early in the morning and late in the evening. The spring, autumn, 
and winter realize a peak load in the evening as the RTS and larger solar systems are ramping down 
production. In the state of California in the United States, the effect of coincident solar PV generation on 
the shape of net load is called “the duck curve,” with low net load in the middle of the day followed by 
large evening ramps. This shape tells a story and anticipates the need for flexible power sources and 
flexible load that can accommodate larger load shifts and quicker ramping than in the Base Case (CAISO 
2016; CAISO 2020). This can be addressed with energy storage to shift some solar generation to different 
hours of the day or with demand response, to shift when load occurs; however, without these 
interventions, the Generating Capacity value will tend to decrease with increasing levels of RTS (or 
utility-scale solar PV) penetration. 

 
Figure 3. Net load and RTS generation in Gujarat for Base Case and MNRE Goals scenarios 

Note: The colored bars in the background represent the average RTS generation in the state for each month and 
hour, relative to the maximum RTS generation throughout the year for each scenario. Darker bars represent hours in 
which the average RTS generation was closer to the annual maximum for the scenario. The mapping of months to 
specific seasons was determined based on conventions developed in Palchak et al. (2017) in consultation with a 
number of in-country stakeholders from varying viewpoints: Spring includes February and March; Summer includes 
April, May, and June; Rainy includes July, August, and September; Autumn includes October and November; and 
Winter includes December and January. 

Although the Generating Capacity value decline was the largest percentage decline and the largest overall 
net impact to the VOS, the Energy value also experienced a noticeable decline. As with the Generating 
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Capacity value, this decline is driven by the increased presence of variable generating resources in the 
MNRE Goals scenario. The Energy value is driven by the SRMC metric that measures the costs avoided 
by reducing generation from the most expensive generator online during each hour of RTS exports (see 
Section A.2). Variable renewable energy (VRE) generators, such as solar PV and wind, tend to reduce the 
cost of meeting demand, as they offset more expensive generation when they are available. Thus, higher 
levels of VRE penetration tend to lead to lower overall energy prices, which in turn reduces the ability of 
RTS to further save utilities and customers money. 

In Figure 4, the generators in the state of Gujarat are ordered from left to right, according to their SRMC, 
which represents the cost of generating an additional unit of power from them for a day of high net load at 
12 p.m. Each bar represents a different generator, and the width of each bar corresponds to its installed 
capacity, while its height corresponds to its SRMC. In general, generators like solar PV (utility-scale or 
RTS), wind, and hydro have significantly lower operating costs than coal or natural gas, as they do not have 
associated fuel costs. Typically, as demand increases, more expensive generators are dispatched to supply 
energy (moving to the right along the graph). The additional solar PV and wind generators in the MNRE 
Goals scenario (left side of the lower graph) shifts the more expensive generators to the right, which 
corresponds to lower fuel costs to meet the same amount of demand.13 As solar PV generation is highly 
coincident, the hours during which RTS is generating should also correspond to generation from utility-scale 
PV, and therefore lower average costs of producing electricity, leading to a lower overall Energy value. 

 

Figure 4. Dispatch stacks for Gujarat generating capacity on high net load day for Base Case and 
MNRE Goals scenarios 

 
 

13 In the case of VRE generators like solar PV and wind, the availability of underlying resources (solar radiation or 
wind) dictates which generators will be dispatched to meet demand, and therefore the costs of meeting demand in 
any given hour. On average, however, one can expect that higher levels of solar PV and wind should lower the costs 
of supplying energy as cheaper generators are dispatched more frequently. This also ignores constraints on thermal 
generating fleets, such as minimum stable levels or startup costs, which are fully captured in the UCED model. The 
graphs here are only meant to illustrate how increased solar PV and wind capacity might explain lower energy costs, 
and therefore lower overall Energy values from RTS. 
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In both scenarios, the Environmental and Health value was a strong driver for the overall VOS exports. The 
Environmental and Health value did not change between scenarios because RTS exports were always 
assumed to offset coal generation (see Section A.6). The variation in the Environmental and Health value is 
driven by ranges in the underlying assumptions for the rate of emissions (ton of emission/MWh) for the 
average coal plant, as well as ranges in the overall value of reducing those emissions (INR/ton of emission). 

3.2 Jharkhand Results 
The final results for the state of Jharkhand from the VOS Full analysis for the Base Case and MNRE 
Goals scenarios are shown in Table 5. In the Base Case scenario, the driving RTS values were the 
Environmental and Health and Energy values, with negligible contributions from the Generating Capacity 
and Transmission Capacity values. In the MNRE Goals scenario, both the Energy and Generating 
Capacity value marginally decline relative to the Base Case. 

Table 5: VOS Full for State of Jharkhand for Base Case and MNRE Goals Scenarios 

 

The results from both the Base Case and MNRE Goals scenarios are similar between the two scenarios, 
driven by the relatively little solar PV (utility-scale and RTS) and wind that are added to the state of 
Jharkhand in the MNRE Goals scenario. As the load and conventional generating capacity are the same 
between the two scenarios, the marginal increases in RTS and utility-scale wind and solar mean that the 
state’s power system does not dramatically change between the two scenarios (although considerable 
changes in other Indian states between scenarios are captured in the model). 

Figure 5 illustrates why the Energy value remains stable between the two scenarios in more detail. As 
explained for Figure 4 in Section 3.1, the chart compares the capacities and SRMC for the generating fleet 
in Jharkhand (see Section A.2 for more information on the SRMC). Typically, as demand increases, more 
expensive generators are dispatched to supply energy (moving to the right along the graph). In Jharkhand, 
however, relatively little new renewable energy generating capacity is added between the scenarios (an 
increase of approximately 700 MW) and the generation fleet remains dominated by coal. This leads to 
relatively stable SRMCs and little change in the Energy value. 
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Figure 5. Dispatch stacks for Jharkhand generating capacity on high net load day for Base Case 
and MNRE Goals scenarios 

The low Generating Capacity value is driven primarily by a mismatch between Jharkhand’s net load and 
RTS generating patterns: If RTS cannot be relied upon to offset the need for investments in generating 
capacity, which are driven by peak net demand, then its Generating Capacity value will be low (see 
Section A.3). Figure 6 shows the overlap of the average net demand in Jharkhand (black lines and points) 
by season and hour of the day, as well as RTS generating hours (yellow bars). As shown, the average net 
peak demand consistently occurs outside the prime RTS generating hours in all seasons. This indicates a 
poor ability of any solar PV to offset the need for investments in new generating capacity. 

 

Figure 6. Net load and RTS generation in Jharkhand for Base Case and MNRE Goals scenarios 
Note: for an explanation of the colored bars in the background, as well as of the seasons, see the note under Figure 3. 
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3.3 Comparing Results 
The power system contexts for Gujarat and Jharkhand are considerably different. Gujarat is a significantly 
larger and more diverse power system with more existing VRE generation. Gujarat also has better solar 
resources than Jharkhand. Furthermore, Gujarat is expected to add significantly more VRE generation by 
2022 under the MNRE targets. As VOS is strongly influenced by local power system conditions and solar 
resource availability, it is unsurprising that the results for many of the values in the VOS Full analysis for 
the two states would also be quite different. Table 6 compares the VOS Full results for both Gujarat and 
Jharkhand across both the Base Case and MNRE Goals scenarios. 

Table 6. VOS Full Results for Gujarat and Jharkhand for Base Case and MNRE Goals Scenarios 

 

The magnitude of the Energy value in Gujarat is significantly higher than in Jharkhand. This is likely 
driven by the fact that many of Gujarat’s generators are more expensive than those in Jharkhand. 
Jharkhand has plentiful access to coal reserves and can therefore generate electricity with coal more 
cheaply than Gujarat. Furthermore, Gujarat has significantly more demand and more generating capacity 
diversity, which offers solar PV the chance to offset more expensive generators such as natural gas. This 
creates larger opportunities for RTS to reduce energy costs by offsetting centralized generation. Another 
factor that drives Gujarat’s Energy value higher than Jharkhand’s is the more diverse generating mix, 
which can be seen by comparing Figure 4 and Figure 5. The Energy Value between the two scenarios in 
each state also declines at different rates (a ~7% decline in Gujarat and a ~2% decline in Jharkhand). The 
considerable increase in VRE generating capacity in Gujarat between the two scenarios drives the 
reduction in the Energy value, because expensive conventional generators are less likely to be on the 
margin during periods of RTS generation, reducing the opportunity for RTS to further reduce energy 
costs. Conversely, Jharkhand’s energy costs are already low, and a comparatively smaller amount of new 
VRE capacity is added between the two scenarios. This means there is less opportunity to reduce energy 
prices and that the opportunity does not drastically change. 
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The difference in the magnitudes of the Generating Capacity values for the Base Case is also noticeable 
between the two states. In Gujarat for the Base Case, there is an opportunity for RTS to reduce peak net 
demand (Figure 3), which drives a higher RTS value. In Jharkhand, most of the peak net demand occurs 
outside normal RTS generating hours (Figure 6), which means RTS alone has little opportunity to reduce 
the need for new generating capacity investments. Additionally, the Generating Capacity value in 
Jharkhand is already negligible, and does not dramatically change between scenarios simply because the 
additional VRE generating capacity does not drastically impact when the peak net demand occurs. In 
Gujarat, however, the Generating Capacity is reduced by over 99%. This is because the significant 
additions of VRE generating capacity between the scenarios shifts the peak net demand periods from 
within RTS generating hours to outside of RTS generating hours, diminishing RTS’ ability to reduce peak 
net demand. 

Although the magnitude of the Energy and Generating Capacity values for the two states were 
significantly different, both experienced declines between the Base Case and MNRE Goals, albeit at 
different rates. This indicates that in both power system contexts there is declining marginal value (for 
energy and generating capacity) from increasing penetrations of RTS. In other words, there is a limited 
ability of RTS alone to reduce energy prices and reduce the need for new generating capacity as the 
power systems become saturated with RTS and utility-scale solar PV capacity. 

Conversely, for both states and scenarios, the Environmental and Health value was significant in 
magnitude. The static nature of the value is primarily an artefact of the analysis: the value was assumed to 
be the product of the average emissions rate across the set of coal generating units. Despite attempts to get 
more clarity on which specific units are generating during which hours and the associated emissions of 
those specific units, so as to understand which emissions could be avoided, access to such data was 
unavailable. Therefore, the analysis used a simplifying assumption that using a range of emission values 
would capture the potential reduction in monetary value given emissions reductions from coal plants. The 
range in the Environmental and Health value is driven by ranges in the assumptions for the emissions rate 
and emissions value. The magnitude of the Environmental and Health value indicates that there is a 
significant benefit associated with offsetting conventional generation with RTS injections that accrues to 
society at large, although this benefit does not accrue directly to the DISCOM. Given more accurate 
emissions data for each power plant, a more specific analysis of emissions reductions could be performed. 

For both Gujarat and Jharkhand, and in both scenarios, the Transmission Capacity value was 
insignificant. This indicates that RTS is unable to offset the need for new transmission capacity or reduce 
congestion significantly, either because there is little congestion or need for new transmission capacity to 
reduce, or that this occurs outside RTS generating hours.   
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4. Conclusions and Key Considerations 
The value of RTS generation ranges widely depending on local power system contexts and the value 
streams included in the analysis. This analysis used a combination of publicly available information, 
consultation with stakeholders, and a UCED model of the Indian power system to determine what the 
value of exports from RTS would be worth to the power system and society for each hour of a given year. 
The analysis focused on the states of Gujarat and Jharkhand and examined two cases, one with current 
levels of VRE and one with levels of VRE consistent with government targets. The following section 
discusses conclusions drawn from the analysis, policy implications of the results, and options available to 
address concerns surrounding the financial implications of RTS generation.  

4.1 Conclusions 
The analysis finds a lower VOS in the state of Jharkhand than in Gujarat, resulting chiefly from the 
differences in avoided energy cost and the generation capacity value. In Jharkhand, electricity generation 
costs are lower and the aggregate load profile is relatively flat with peaks occurring later in the day. For 
Gujarat, solar can provide additional benefits due to higher electricity generation costs during times of 
solar generation.  

When summed together, the Environmental and Health VOS components are the largest portion of the 
VOS in both Gujarat and Jharkhand. If one considers the Environmental and Health value from RTS, for 
the MNRE Goals case (achieving the 175 GW MNRE goals for renewable energy deployment), the 
analysis finds a total value of 9.0–10.8 rupees per kWh in Gujarat and 7.5–9.3 rupees per kWh for 
Jharkhand. When the Environmental and Health value is excluded from the calculations, the analysis 
finds a total value of approximately 2.3 and 3.8 rupees per kWh for Jharkhand and Gujarat, respectively, 
for the higher solar cases. Table 7 shows a comparison of the total values for the two states and two 
scenarios both with and without the Environmental and Health value. 

Table 7. Comparison of VOS Values for Gujarat and Jharkhand for Base Case and MNRE Goals 
Scenarios With and Without the Environmental and Health Value (rupees per kWh) 

 Gujarat Jharkhand 
 Base Case MNRE Goals Base Case MNRE Goals 
With 
Environmental 
and Health 

10.0–11.8 9.0–10.8 7.6–9.3 7.5–9.3 

Without 
Environmental 
and Health 

4.8 3.8 2.3 2.3 

With the Environmental and Health benefit included, the energy charges from the retail tariffs and the sell 
rate (under Gujarat’s net metering scheme) are lower than the overall VOS value for both states, 
indicating that RTS provides more benefits than costs from a societal point of view. As environmental 
and health benefits are not currently monetized—these are avoided externalities—utilities do not see any 
financial benefits from these values and would likely choose not to consider them when comparing the 
financial value of RTS to its costs (or reduced revenues).  

In Gujarat, when environmental and health benefits are not considered in the VOS, the net financial 
impact of RTS depends on the tariffs of those customer installing RTS. The average power purchase cost 
for all DISCOMs in Gujarat is 4.3 rupees per kWh, which is just below the Base Case VOS (4.8 rupees 
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per kWh). By adding RTS, some customers are able to displace tariffs that are higher than the Base Case 
VOS. While this is advantageous to the customer, it would lead to a net revenue loss for those DISCOMs. 
For example, larger residential customers in Gujarat consuming more than 250 kWh per month have a 
marginal tariff of 5.2 rupees per kWh, which is higher than the Base Case VOS of 4.8 rupees per kWh. 
While this is a benefit to the large residential customer who could pay less for RTS, this indicates a net 
revenue loss of 0.4 rupees per kWh for generation displacing monthly load above 250 kWh. Residential 
customers with smaller loads have lower energy charges due to the increasing block pricing structure of 
residential tariffs. For customers with loads less than 250 kWh per month, the value of RTS in the base 
case is greater than the energy charges, which implies a net financial benefit to the utility. The overall 
financial impact of RTS for distribution utilities in Gujarat will hence depend on the customer mix 
installing RTS systems in the Base Case. This is also the case for the MNRE Goals scenario. With higher 
solar deployment levels, only customers in the lowest-priced tiers would lead to net benefits from RTS.  

Given the lower VOS in Jharkhand, RTS leads to a net financial cost to utilities in all cases. Energy 
charges—a proxy for RTS compensation rates given net metering policies—are lower than the value of 
RTS without environmental and health considerations, regardless of customer class. The overall financial 
impact for Jharkhand distribution utilities will depend on the underlying tariffs of the RTS customers. 
Given the net metering regulations, customers who offset higher rate levels (e.g., urban customers) lead to 
higher DISCOM revenue losses, which would in turn lead to higher net revenue costs. 

Aside from whether Environmental and Health values are included in the VOS, and in Gujarat, where 
customers adopt RTS, there are other key considerations. In both states, cost-shifting between RTS-
adopting and RTS-nonadopting customers can lead to a net cost of RTS generation and concerns of utility 
revenue sufficiency and resulting tariff increases. However, revenue sufficiency and cost-shifting 
concerns should be put into perspective before significant changes to the RTS program are considered. At 
relatively small differences between the VOS value and the retail tariff or sell rate, and/or at relatively 
low levels of RTS deployment, the net cost of the RTS program to the DISCOM are likely to be less 
significant than other factors that influence utility revenues such as natural gas prices, fluctuations in 
demand patterns, and power sector CAPEX (Barbose 2017; Tongsopit et al. 2017; Tongsopit et al. 2019; 
Darghouth et al. 2020). Furthermore, due to limited availability of data, this analysis excluded several 
RTS-related benefits including deferring investments in distribution infrastructure investments, which 
may increase the VOS in each state. Understanding the potential net cost or net benefit of an RTS 
program, and understanding this cost or benefit relative to other factors influencing utility revenues, can 
inform compensation mechanism design to ensure RTS programs do not become a burden on DISCOMs 
and ratepayers. Policymakers and regulators can use the results of this analysis to assist in decision-
making on whether changes to compensation mechanisms should be considered, based on levels of RTS 
deployments, compensation rates for RTS exports, and lost revenues from RTS self-consumption.  

4.2 Implications for Decision Makers  
VOS analyses can provide important insights to policymakers, regulators, and other power system 
stakeholders on how RTS impacts power system operation and DISCOMs. Additional studies such as 
utility revenue impact or tariff impact analyses can further contribute to understanding the net impact of 
RTS adoption on power systems and retail tariffs. These studies can inform decisions around revising 
compensation mechanisms, providing an estimate for the magnitude of net impacts from RTS adoption 
and how those impacts might change over time with changes to the power system, retail tariff structures, 
RTS compensation schemes or RTS adoption. For those areas in this analysis where data was unavailable, 
additional or more detailed data collection could inform more accurate results. 

The findings indicate that the VOS is lower than average volumetric retail energy tariffs when 
externalities such as environmental and health benefits are not considered. This suggests that current net 
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metering regimes could potentially lead to an increase in retail tariffs during the next rate case or true-up. 
The retail tariff effects resulting from the difference between the VOS and the retail rate may be very 
small or negligible for low adoption levels, as is currently the case in Jharkhand. The tariff impacts can 
sometimes be lower than exogenous factors that impact retail tariffs, such as weather or fluctuations in 
fossil fuel prices (see for example, Barbose 2017). The magnitude of the increase in the tariff would 
depend on the magnitude of the difference between the VOS (not counting any externalities) and reduced 
utility revenue resulting from net metering policies, which depends on some of the values calculated in 
this analysis, as well as total RTS generation.  

Decision makers often have to balance a variety of regulatory objectives that compete in many cases. In 
this case, they may include achieving RTS deployment targets, keeping tariffs low and equitable, and 
protecting the health of their citizens. With 
very low tariff impacts, regulators may decide 
that the benefits of achieving solar targets 
outweigh any costs related to tariff levels, 
particularly if vulnerable customer segments 
are protected from any increases in tariffs. This 
study’s results indicate that the aggregate 
societal cost of any increases in tariffs would 
be outweighed by the environmental and health 
benefits, which can be taken into account when 
considering policy changes (See the Policy 
Options to Equitably Distribute Environmental 
and Health Benefits of RTS textbox).  

These health and environmental benefits are 
particularly important for India, which ranks as 
having some of the worst air pollution (both 
indoor and ambient) in the world (World 
Health Organization 2019). In all of India, air 
pollution has been associated with a death rate 
per 100,000 residents of 89.9, this figure drops 
to 69.0 and 84.9 for Jharkhand and Gujarat, 
respectively (Balakrishnan et al. 2019). A 
significant portion of air pollution can be 
attributed to the power sector. Baseline 
projections of emission sources by sector in 
India for 2010 indicated that approximately 
53% of SO2, 30% of NOX, and 4% of PM2.5 
total emissions could be attributed to thermal 
power generation (Purohit et al. 2010).  

Many of the value streams available for RTS are also achievable through utility-scale systems. Unlike 
utility-scale systems, however, RTS can provide additional values such as distribution system upgrade 
deferrals and customer energy resilience. RTS also suffers fewer losses relative to utility-scale systems 
when providing values such as energy and capacity, as it serves demand closer to the source of load. 
These additional value streams and reduced losses must be balanced against lower overall levelized costs 
for utility-scale systems and reduced complexity when coordinating utility-scale systems versus 
aggregating many distributed systems. VOS studies can help provide decision makers with quantitative 
results to compare the relative costs and benefits of utility-scale and RTS systems, which in turn can 

Policy Options to Equitably Distribute 
Environmental and Health Benefits of RTS 

There are a number of policy options for decision 
makers to monetize the health and environmental 
benefits from RTS (e.g., creating markets for carbon or 
emissions in which generators would participate). These 
would allow a better alignment between the VOS to 
utilities and to society. Adopting these policies may 
further bolster and accelerate states’ adoption and 
deployment of RTS in alignment with the government’s 
goals for RTS. However, such measures would also 
have additional implications that would need to be 
considered, including higher average tariff levels or 
utility costs resulting from the additional compliance 
costs, for example. Though these may lead to better 
outcomes from a societal point of view, these benefits 
may not be evenly distributed across various customer 
groups. Some customers may be disproportionally 
impacted by even small increases in tariff levels, for 
example, although these customers may also currently 
be disproportionately impacted by poor air quality. 
Policies that directly target equity issues, such as 
subsidies for low- and middle-income customers, can 
help ensure any societal benefits are accrued more 
equitably. 
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inform the development of policies to target RTS deployment in areas where it can provide unique value 
to the grid.  

While the benefits of reduced losses were included in this study, due to data and methodological 
constraints the benefit of RTS to the distribution system was excluded. Furthermore, although the value of 
RTS generation will likely fluctuate widely across a given state, this study only looked at the average 
value in each state, masking exploitable high value locations. Future research into additional benefits and 
costs not covered here, as well as additional granularity in the analysis, could better inform discussion on 
RTS compensation as well as lead to novel policies that target deployment in high-value regions of the 
power system, where more traditional investments like utility-scale generation may not be appropriate or 
competitive (e.g., in a congested city network). Such a targeted approach to RTS deployment could 
improve utility revenue recovery and alleviate concerns of cost shifting. 

4.3 Policy Options to Address Concerns Related to the Financial 
Impacts of RTS 

Higher levels of RTS adoption combined with compensation through net metering policies and time-
invariant volumetric energy tariffs could lead to higher tariff impacts resulting from insufficient utility 
revenue recovery. Given its higher rooftop adoption levels, tariff impacts are likely to be higher in Gujarat 
than in Jharkhand in the short term. Barbose et al. (2016) provides an overview of the many options 
regulators have to address the financial impacts of RTS on utilities. These include making changes either 
to net metering policies or to tariff structures, with the objective of aligning solar compensation with the 
VOS for utilities and resulting in reduced compensation to RTS customers. Any reduction in RTS 
compensation would likely lead to reductions in deployment, so regulators need to consider deployment 
goals before making any significant changes to retail tariff structures or policies. Using the VOS directly 
to compensate all RTS generation at the calculated VOS (i.e., a VOS tariff) would minimize financial 
impacts on utilities or nonsolar adopters. This would require the regular updating of the VOS analysis, as 
the power system characteristics change over time; however, many jurisdictions have instead chosen to 
consider alternatives to net metering policies (such as net billing where any electricity injected into the 
grid is compensated at a tariff lower than the customer’s retail tariff for electricity consumption) or 
changes to retail tariff design (i.e., having all solar adopters be on a time-varying tariff or imposing larger 
monthly customer charges while reducing volumetric energy charges). 

Another strategy to minimize financial impacts on utilities or ratepayers would be to identify areas where 
RTS provides higher value to the system and incentivize deployment in higher value areas, resulting in a 
better alignment between RTS compensation and the value of RTS. This would require more geospatially 
granular analyses that seek to analyze the VOS at a substate level. Finally, to address the equity 
implications of increases in retail tariffs (because those who benefit from the tariff increases are solar 
system owners who are homeowners with cash or access to credit), regulators could consider policies to 
allow lower income renters or those living in multifamily housing to also benefit from solar through 
shared solar (or community solar) approaches, increased access to finance, or alternative business models 
(such as solar leasing or power purchase agreements). This would address some of the cost-shifting 
concerns while also enabling a more equitable deployment of RTS. 
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A. Detailed Methodology 
This analysis calculated the VOS using two distinct methodologies: 

• A VOS Full that relied on a unit commitment and economic dispatch model of the Indian power 
system (referred to throughout the report as a UCED model).14 

• A VOS Lite that used publicly available data on historical power system operation in the state and an 
Excel-based model. 

The approach used to calculate the VOS in each methodology was strongly influenced by the availability 
of data, as well as by expectations of how the results could ultimately be used. The former VOS Full 
methodology allowed for a highly granular approximation of the VOS in each state for future years under 
various power system assumptions. This approach can help policymakers understand how the VOS may 
change over time or under different power system operating characteristics. This section will provide 
some background information regarding the UCED model used in the VOS Full analysis, as well as cover 
the approach taken to calculate each value considered in the VOS Full results. Limitations of the VOS 
Full analysis are considered in Section A.9. The methodology and results for the latter VOS Lite analysis 
are discussed in more detail in Appendix B.  

A.1 Greening the Grid Pathways UCED Model 
The value of additional energy and capacity from distributed energy resources is a measure of how 
injections from those resources can help offset costs associated with investing in and operating the power 
system, and, as such, depend heavily on various power system characteristics such as the makeup and 
operation of the generation fleet, transmission capacity, and power system demand, among many others.15 
One way to capture these various parameters is through a UCED model, which simulates how a power 
system would dispatch and deliver power to meet load given assumptions on that power system. A UCED 
model takes information on a given power system, such as transmission capacity, load, VRE availability, 
and conventional generating fleet characteristics and simulates how the power system would operate to 
meet demand at the lowest cost subject to security constraints. The model outputs important metrics for a 
wide variety of analyses and efforts, including VOS studies, such as system emissions, system costs, 
generator dispatch schedules and power flows. Figure A- 1 provides an overview of the inputs for the 
UCED model, the results output, and how those results might be used. 

 
 

14 The UCED model used in this analysis was based on Energy Exemplar’s PLEXOS Integrated Energy Model 
software (Energy Exemplar 2016). 
15 “Injections from DERs” here can mean RTS that is either consumed on-site by the customer or exported from the 
customer’s system to the grid. For many of the benefits and costs explored here, it ultimately does not matter 
whether the injections are consumed or exported to the grid, as both instances reduce the demand that must be met 
with centralized conventional generation. For other benefits and costs, however, such as costs associated with 
strengthening the distribution system to deal with reverse power flow, whether the injections are consumed on-site 
or exported to the grid may be more important. 
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Figure A- 1. Flowchart for UCED model and results 

In 2017, under the joint USAID and Government of India Greening the Grid initiative, researchers with 
NREL developed a UCED model of the entire Indian power system in conjunction with a multitude of 
stakeholders, including various DISCOMs, generation and transmission utilities, state load dispatch 
centers, and state and central power system operators. This model was intended to investigate how the 
Indian power system would respond to increasing penetrations of renewable energy to meet MNRE’s 
ambitious 175-GW renewable energy targets (Palchak et al. 2017a, 2017b). The model considers power 
system operation at a 15-minute time resolution for the entire year of 2022 when the renewable energy 
targets are to be met. Furthermore, for a related analysis, the model was expanded into higher granularity 
for a subset of western and southern states to better understand the impacts of high levels of renewable 
energy on specific regions (Palchak et al. 2017b).16  

This VOS analysis relies on the regional modeling capabilities developed in Palchak et al. (2017b) to 
determine hourly costs of operating the power system, as well as identify parameters such as net load 
critical to evaluating VOS throughout the modeled year. Two scenarios were developed using the UCED 
model developed in Palchak et al. (2017b):  

• A Base Case scenario consisting of capacities of wind and solar targeted under the Green Energy 
Corridors and National Solar Mission initiatives and using the National Electricity Plan to determine 
the conventional generating fleet capacity in 2022. 

 
 

16 The study, while incorporating the entirety of India, focused on the Southern and Western regions, with specific 
detail afforded to the states of Andhra Pradesh, Gujarat, Karnataka, Maharashtra, Rajasthan, and Tamil Nadu. 
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• An MNRE Goals scenario, consisting of the same thermal generating capacity as in the Base Case but 
assuming that the Indian government’s target for 175 GW of renewable energy would be met by 
2022. 

The same underlying load patterns and operational characteristics (e.g., ramp rates, transmission capacity) 
were assumed to be the same in both scenarios. Both scenarios were run in the UCED model to capture 
how the power system would operate under both sets of assumed capacity. Table A- 1 shows the assumed 
generating capacity for each state and all of India in more detail for the Base Case and MNRE Goals 
scenarios in the UCED model. 

Table A- 1. Generating Capacity for 2022 in UCED Model for Base Case and MNRE Goals Scenarios 

 India (MW) Gujarat (MW) Jharkhand (MW) 

Technology Base Case MNRE Goals Base Case MNRE Goals Base Case MNRE Goals 

Coal* 231,316 231,316 17,024 17,024 5,800 5,800 

Hydro 58,282 58,282 1,990 1,990 130 130 

RTS 7,824 39,388 635 3,196 160 800 

Utility Solar 11,755 59,509 1,266 8,951 28 28 

Wind 50,042 60,023 7,329 8,808 - - 
Other** 33,636 33,636 7,673 7,673 - - 
*: Coal refers to both subcritical and super-critical coal generating capacity. 
**: Other refers to biomass, cogeneration, diesel, gas, nuclear and oil generating capacity. 

Finally, the UCED model was used to determine the generation profile of an “average” RTS system in 
both states. One of the inputs used in the UCED model is annual generation profiles (in 15-minute 
intervals) for RTS generators throughout India. These generation profiles, in turn, were created for the 
Greening the Grid study in Palchak et al (2017a; 2017b) using NREL’s Renewable Energy Potential 
model.17 The Renewable Energy Potential model utilizes highly granular, both spatially and temporally, 
irradiation data and assumptions on RTS technology characteristics to determine what the output of a 
RTS system would be throughout India.18 To determine the average RTS generation in a given state, the 
normalized output of all the RTS generation profiles in each state considered in the UCED model was 
averaged to yield a single representative 8,760 hourly generation profile for each state.19 

A.2 Energy Value 
Each generator within a utility’s fleet has variable costs associated with generating power from the unit. 
Variable generating costs primarily refer to the fuel costs associated with generating power (e.g., the cost 
of the coal that must be burned) but can also include variable operating and maintenance costs. These 

 
 

17 https://www.nrel.gov/gis/renewable-energy-potential.html. 
18 A detailed treatment of how solar (and wind) generation (actual and day-ahead forecasts) was created for the 
UCED model is beyond the scope of this paper. For more information on how the generation profiles (and 
forecasted profiles) for wind and solar were created, see “Appendix A. Wind and Solar Resource Data and 
Generation Profiles” in Palchak et al. (2017a). 
19 Thus, the 8,760 capacity factor for each RTS generator in Gujarat was averaged together to yield an average 8,760 
capacity factor for RTS in the state. This capacity factor was then scaled by the assumed capacity of the new RTS 
generator whose value was measured for the analysis. 
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costs are directly related to the amount of energy the generating plant is producing and thus can be 
avoided by reducing the level of demand they must meet. Utilities will try to meet demand in their 
territory by dispatching their generating fleet in the most economical way possible, subject to constraints 
on ensuring power system reliability or limitations of transmission capacity or individual generators. Due 
to this security-constrained economic dispatch, or merit order dispatch, in each hour the most expensive 
generator dispatched to meet load is said to be “on the margin” and would be turned down first in 
response to reduced demand (Denholm et al. 2014). When a distributed energy resource either meets 
demand at the customer’s site or exports energy to meet local demand, the net effect is to reduce demand 
utilities must meet with centralized generating resources. Thus, the energy value of DER can be equated 
with the variable costs of the marginal generator in each hour the DER system is producing electricity. 

In the UCED model, the variable costs of generating an incremental additional unit of power are captured 
through the generator’s SRMC. The SRMC captures the product of the price of fuel and the marginal heat 
rate as well as variable operating and maintenance costs, any enforced emissions costs, and any additional 
system charges power system operators may require from generators. 

Equation 1: SRMC Equation within the UCED model: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖,𝑗𝑗 =  𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑖𝑖  × 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗  + 𝑉𝑉𝑉𝑉𝑉𝑉𝑖𝑖,𝑗𝑗  + 𝑈𝑈𝑈𝑈𝑈𝑈 𝑜𝑜𝑜𝑜 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖  
+ 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖,𝑗𝑗  

Notes: 

The subscript i refers to the generator in question and j to its output. 

 VOMi,j: the variable operating and maintenance costs of generator i during output j. 

Use of System charge: the additional charge that generators may be required to pay to the 
market operator for delivering (power to grid) rights. 

Emissions costs: the costs generators may have to pay for emissions caused by the 
generator. Note that for the UCED model used in this analysis, the Emissions costs were 
considered to be 0 and analyzed separately (see Section A.6). 

Source: (Energy Exemplar 2014). 

The UCED model outputs the SRMC for each generator considered in the model and for each time 
interval considered in the model run. As the UCED model dispatches the least expensive plants needed to 
meet demand, subject to other reliability requirements, the marginal generator in each time interval is the 
most expensive generator still dispatched to meet demand in that interval. By comparing the most 
expensive SRMC from the set of generators still producing with the injections from a theoretical RTS PV 
system, it is possible to estimate the hourly energy value for RTS injections for the modeled year. 

A.3 Capacity Value  
If the energy value represents the ability of RTS to reduce the variable costs associated with the 
generating fleet the DISCOMs must address, then the generation capacity value represents the RTS 
installation’s ability to reduce the fixed costs of the generating fleet. Most of a customer’s electricity bill, 
and, therefore, the DISCOM’s revenue recovery, is covered by a volumetric energy charge that varies 
with the consumption of power from the grid. However, many of the costs associated with providing a 
customer with power are fixed and must be recovered regardless of a customer’s total consumption. Two 
such fixed costs are the CAPEX required to build a new generating unit and the fixed operating and 
maintenance (FOM) costs associated with the generating unit. These CAPEX and FOM costs must be 
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paid once the unit is built, regardless of how much energy the unit actually generates.20 As a generation 
fleet is ultimately sized to ensure there is adequate capacity to meet the highest periods of demand or net 
demand in a given year,21 any injections from a rooftop system that can be used to reduce the peak 
demand can help reduce the overall size of the generation fleet needed, and thus reduce associated 
CAPEX and FOM costs. That said, generation capacity is built to satisfy anticipated demand, and RTS 
cannot offset the fixed costs of existing plants, only future build-outs, so it is important to understand not 
only how much the next generating unit will cost, but when it is planned to be built. Figure A- 2 
illustrates how the addition of RTS may be able to defer investments in traditional peaking capacity by 
reducing the peak net demand the power system must meet, assuming that peak demand occurs during 
periods of RTS power production. 

 

Figure A- 2. Illustrative example of RTS injections during peak demand periods deferring 
investments in new generating capacity 

As generation is built to satisfy peak demand and peak demand occurs in a relatively limited number of 
hours throughout the year, it is important to account for the fact that not all RTS output will occur during 
periods of peak demand and thus cannot lower the corresponding need for generating capacity. One way 
to determine the ability of solar to address peak demand is to calculate its capacity credit (Denholm et al., 
2014). The capacity credit is calculated in this analysis by measuring the average rooftop system output as 
a fraction of its total installed capacity, also known as its capacity factor, during a subset of hours of 
highest demand or net demand (Equation 2). 

The VOS Full analysis uses net demand to determine the capacity credit of a theoretical RTS generator 
rather than total demand. Net demand better reflects the actual demand that will be used to determine 

 
 

20 It should be noted that how these costs must ultimately be paid depends on market structures. In some power 
systems, generating capacity is procured independently of energy through capacity markets (such as in PJM in the 
United States). Often times, utilities will not own generating capacity and will sign power purchase agreements with 
generator operators that determine a fixed price for energy delivery and capacity availability throughout the 
agreement’s duration. In all cases, regardless of how the payment is structured, RTS can reduce associated 
generating capacity costs for utilities by reducing the amount of peak demand they must meet (e.g., the utility must 
either build less generating capacity, procure less capacity from a capacity market, or enter into fewer power 
purchase agreements). 
21 Net demand refers to the total demand less the generation from VRE generators (e.g., solar PV or wind) that are 
not dispatchable. It essentially represents the total demand that load-serving entities must meet with more 
conventional dispatchable resources. 
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generating capacity needs and therefore the capacity value of RTS. Furthermore, using net demand better 
reflects the declining marginal value of RTS with increasing penetrations of RTS and utility PV on the 
system.  

To determine the capacity value, the following was used: 

• Total demand: Used to determine the net load, which is used in turn to calculate the RTS’s capacity 
credit. 

• Total variable renewable generation: Used to determine net load, which is used in turn to calculate the 
RTS’s capacity credit. 

• Theoretical RTS output: Used to calculate the RTS’s capacity credit as well as to annualize the 
capacity value (i.e., to convert from INR/kW-year to INR/kWh value). 

• Cost of next generating unit as a function of its installed capacity (i.e., INR/MW), both its CAPEX 
and FOM costs. 

• Next year in which new generating capacity is needed: Used to determine how much costs of future 
generating capacity should be discounted in today’s value (determined by net present value 
calculation). 

• Assumed discount rate: Used in discounting values through net present value calculation. 

• Assumed debt-equity ratios for how much of the generating plant’s full costs are paid in the first year 
(equity) and how much are paid over time through a loan (debt), as well as the interest rate for the 
loan for the generating plant. 

Given these values, the capacity value in any given hour can be calculated as follows: 

Equation 2: Calculation of the Capacity Credit22,23 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 =  
∑ 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑅𝑅𝑅𝑅𝑅𝑅,𝑖𝑖

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅,𝑖𝑖
�𝑛𝑛

𝑖𝑖

𝑛𝑛
 

Where: 

n: the number of top demand (or net demand) hours (i) considered when determining the 
need for capacity in planning exercise. N represented 3% of all hours in the year for this 
analysis. 

Thus, Equation 2 essentially consists of taking the average capacity factor of the RTS system in question 
for the top n hours of demand (or net demand) in a given year. 

 
 

22 Equation 2 represents a very simplified approximation method for determining the capacity credit of an RTS 
system. For a more in-depth treatment on calculating the capacity credit of solar PV systems, see Madaeni et al. 
(2012). 
23 As an example, if n is 5 hours (for this analysis n was set to be 3% of hours out of the year or 263 hours) and the 
output of a 5 kW RTS system during the 5 hours of highest power system net demand was [0 kW, 3 kW, 4 kW, 0 
kW, 3 kW], then the capacity credit would be the average of those capacity factors [0 kW/5 kW, 3 kW/5 kW, 4 
kW/5 kW, 0 kW/5 kW, 3 kW/5 kW] or .4 (unitless). 
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Equation 3: Calculation of the Net Present Value for CAPEX-FOM costs and RTS Generation 

𝑁𝑁𝑁𝑁𝑁𝑁 =  𝑅𝑅0  +  �
𝑅𝑅𝑡𝑡

(1 +  𝑖𝑖)𝑡𝑡

𝑛𝑛−1

𝑡𝑡=1

  

Where: 

R0: The initial year of generation for the RTS unit or the initial cash flow for the first year 
of the conventional generating unit: equity portion of CAPEX costs, FOM costs, and 
annual loan payment. Annual loan payment based on assumed duration of loan, assumed 
principal, and assumed loan interest rate. 

Rt: Generation for the RTS unit or the cash flows for the conventional generating unit 
(FOM costs and annual loan payment), except the initial year. 

n: Number of years for RTS or next assumed conventional generator operation. 

i: Discount rate, assumed. 

Equation 4: Calculation of the Capacity Value 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 − 𝐹𝐹𝐹𝐹𝐹𝐹𝑁𝑁𝑁𝑁𝑁𝑁

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅−𝑁𝑁𝑁𝑁𝑁𝑁
∗  𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅  

Where: 

Capacity RTS: Installed capacity of the rooftop system. 

CCRTS: Capacity credit of the rooftop system. 

CAPEX-FOMNPV: Net present value of the capital and FOM costs associated with the 
next generating unit to be built. 

Generation RTS—NPV: Net present value of the annual generation of the RTS system. 

The sources for this data are detailed in Table A- 2. 

Note the capacity credit appears twice in Equation 4. This is because the equation must: 

• Determine the fraction of the total capacity of the theoretical rooftop system which can be relied upon 
during periods of peak demand. 

• Account for the fact that even though the capacity value is calculated as a share of annual generation, 
peak demand only occurs in a certain share of hours, and, therefore, the annual generation must be 
normalized in a sense. 
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Table A- 2. Sources for Input Data for Calculation of the Generating Capacity Value 

Data Use Source for VOS 
Full Analysis 

Value 

Total Demand Total demand was used together with variable 
renewable generation to determine the top n hours 
of net demand, which was used in calculating the 
capacity credit of the RTS system (Equation 2). 

UCED model 8760 data 

Variable Renewable 
Generation 

Variable renewable generation was used together 
with total demand to determine the top n hours of 
net demand, which was used in calculating the 
capacity credit of the RTS system (Equation 2). 

UCED model 8760 data 

Instantaneous RTS 
Output 

Used in calculating the capacity credit for the RTS 
system (Equation 2). 

UCED model 8760 data 

CAPEX Cost of Next 
Generator (e.g., a 
supercritical coal plant) 

Used in calculating the capacity value (Equation 4). Discussion with 
Stakeholder 

60,000,000 
INR/MW 

FOM Cost of Next 
Generator (e.g., a 
supercritical coal plant) 

Used in calculating the capacity value (Equation 4). Assumed to be 
2% of the 
CAPEX costs 

1,200,000 
INR/MW-year 
(paid every year) 

Year When Next 
Generating Unit Needed 

Used to determine the net present value of the 
CAPEX and FOM costs of the next generator and 
the net present value of the generation from the 
RTS system (Equation 4). 

Assumed 2022 

Lifetime of RTS System Used to determine the net present value of the 
CAPEX and FOM costs of the next generator and 
the net present value of the generation from the 
RTS system (Equation 3). 

Assumed 20 years 

Discount Rate Used to determine the net present value of the 
CAPEX and FOM costs of the next generator and 
the net present value of the generation from the 
RTS system (Equation 3). 

Assumed 9.00% 

Debt-Equity Ratio Used to determine the cashflows needed to cover 
the full cost of the next generator, which influences 
the net present value of the CAPEX and FOM costs 
of the next generator (Equation 3). 

Assumed 20% equity 
80% debt 

Loan Interest Rate Used to determine the cashflows needed to cover 
the full cost of the next generator, which influences 
the net present value of the CAPEX and FOM costs 
of the next generator (Equation 3). 

Assumed 10.00% 

Loan Duration Used to determine the cashflows needed to cover 
the full cost of the next generator, which influences 
the net present value of the CAPEX and FOM costs 
of the next generator (Equation 3). 

Assumed 20 years 
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A.4 Transmission Capacity Value 
Similar to generating capacity, the transmission system used to deliver energy between neighboring 
power systems and between generators and customers is primarily sized to be able to address the highest 
periods of demand for the power system. RTS can help defer the need for new transmission infrastructure 
by reducing the need to deliver power over the transmission by meeting that demand locally. RTS can 
also provide a form of transmission value by reducing the levels of congestion on the transmission 
system. Congestion refers to periods of time when transmission constraints on the amount of energy that 
can flow through certain transmission lines or equipment result in a suboptimal dispatch of the generation 
fleet to meet demand. RTS’s ability to meet demand locally means that that demand does not need to be 
met through centralized generators and, subsequently, less energy must be delivered through the 
transmission system. This can result in lower overall energy prices by reducing congestion on these lines 
and allowing for a more optimal dispatch of the generating fleet or more optimal imports and exports. 
This value is distinct from the energy value which captures the benefit of reducing output from the 
marginal generator. 

The VOS Full methodology attempts to capture the transmission capacity value through the latter method 
by attempting to measure the economic benefit of reducing congestion on existing transmission as 
opposed to reducing the need for new transmission capacity. To calculate this economic benefit, the 
analysis looked at the locational marginal price, or nodal price, at all the nodes within the power system 
model for the state. Each node in the power system model is associated with a particular set of 
transmission lines that connects it with other nodes throughout the larger power system. By measuring the 
difference between prices at two nodes, one can estimate the benefit of reducing transmission congestion, 
assuming that less congestion on a given line would allow power to flow from lower priced nodes to 
higher priced nodes. 

A.5 Avoided Transmission and Distribution Loss Value 
When utilities deliver energy from large, centralized generators such as coal, nuclear, or natural gas plants 
to meet customer demand, that delivery suffers from losses on both the transmission system and 
distribution system. These losses are caused by several physical processes, including energy being 
converted into heat due to the resistance in the wires and other equipment that the energy must travel 
through on its way from the generators to the end-use customers. Compared to satisfying demand from 
centralized generating resources, meeting customer demand with generators located nearby on the 
distribution system suffers relatively few losses. This is particularly true in the case of behind-the-meter 
systems satisfying onsite customer demand. To account for these reduced losses, the energy, generating 
capacity, transmission capacity, and environmental and health values should all be scaled up by the 
appropriate transmission and distribution losses. Less energy is ultimately required from distributed assets 
than centralized assets to meet demand, while the same amount of the RTS capacity (subject to its 
capacity credit) can meet more peak demand than centralized assets. 

The total calculated annual energy, generating capacity, transmission capacity, and environmental and 
health values were all scaled up by either the combined transmission and distribution losses or just the 
transmission losses, as appropriate. Table A- 3 shows which losses were used to scale up which values 
and the actual system losses applied. The losses were determined through publicly available utility tariff 
orders (Gujarat Electricity Regulatory Commission 2019). As data on the average transmission and 
distribution losses for the Gujarat system were more readily available than for Jharkhand, the loss 
estimates were assumed to be the same in both states. Note that these losses only refer to technical losses 
(those created by physical processes in the equipment transmitting energy between the generation source 
and demand) and not to commercial losses (caused by theft). 
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Table A- 3. Transmission and Distribution Losses Assumed for Scaling-Up Values 

Value Average Transmission 
Losses Assumed 

Average Distribution 
Losses Assumed 

Total Scale-Up Assumed 

Energy  N/A 9.90% 9.90% 

Generating Capacity  3.90% 9.90% 13.80% 

Transmission Capacity  3.90% 9.90% 13.80% 

Environmental and Health N/A 9.90% 9.90% 

Source: (p. 51, Gujarat Electricity Regulatory Commission 2019) 

A.6 Environmental and Health Value 
Many large centralized generators are sources of pollution, including SO2, NOX, particulate matter, and 
CO2. These pollutants can have significant, detrimental environmental and health effects at the local, 
national and global level. Compared to such generators, renewable distributed energy resources are much 
cleaner and can reduce SO2, NOX, particulate matter, and CO2 emissions. Calculating the Environmental 
and Health Value consists of:  

1. Identifying the marginal generator during the hours the solar PV system is generating.  

2. Identifying the avoided emissions associated with the marginal generator identified in (1). 

3. Identifying the costs avoided from reduced emission when that marginal generator is turned down in 
response to decreased demand. 

4. Taking the product of (2) x (3) and RTS generation at the hour in question.  

The Environmental and Health value is similar to the Energy value, however, the environmental and 
health costs associated with pollution from fossil fuel generation are not directly paid by the utilities or 
power system operators, and are instead borne indirectly by all of society. 

The variable health and environmental costs associated with thermal generation were determined through 
a literature review, which yielded an INR/ton of relevant pollution value. This value was combined with 
an assumed average heat rate of the thermal generation fleet (in this case, coal was assumed to be the 
marginal generator) to yield a INR/MWh environmental and health value for avoided thermal 
generation.24 Table A- 4 highlights the emission rates and emission costs used to determine the 
environmental health value. 

 
 

24 Although it was assumed that a single generator (or type of generator) is on the margin during all periods of RTS 
injections, in reality, the generator (or type of generator) on the margin will change throughout the year due to 
factors such as demand or planned and unplanned outages. Thus, in some hours, a gas plant or hydropower plant 
may be on the margin rather than coal. Given the preponderance of coal in the power system, and due to limited data 
on the emissions rates of natural gas plants in India, the actual Environmental and Health value of RTS was 
approximated by assuming coal was always on the margin. 
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Table A- 4. Low and High Bounds for Emission Rates and Emission Values Assumed in 
Analysis 

Pollutant Emissions Rate for Coal 
(kg/MWh) Emissions Value (INR/kg) 

Avoided Emissions Costs 
(environmental and health 
value) (INR/MWh) 

 Low Bound High Bound Low Bound High Bound Low Bound High Bound 

NOX 4.22 4.38 426 497 1,798 2,177 

SO2 6.94 7.20 284 355 1,971 2,556 

CO2 910 1051 1.07 1.42 969 1,492 

Particulate 
Matter 

.98 1.29 5 100 5 129 

Sources for emissions rates: (Mittal et al. 2012; MOEFCC 2015; Shakti Sustainable Energy Foundation and ICF 
International 2015) 
Sources for emissions values: (Abas et al. 2017; Gujarat Pollution Control Board 2019) 

A.7 RTS Integration Costs 
While RTS can provide the power system and society at large many benefits, there are costs associated 
with integrating RTS with the broader power system. These costs are separate from lost revenues for the 
DISCOM due to offset sales of electricity from demand met by RTS exports. Such costs can include those 
associated with installing new capacitor banks or changing equipment settings for dealing with 
fluctuations in voltage on distribution feeders, or reconductoring lines or replacing transformers for 
dealing with thermal overloading on distribution equipment.25 

The value for this analysis was constant as a function of RTS exports (INR/MWh) and was estimated as 
25% of the average integration costs in the United States for an estimate of RTS integration costs in 
Jharkhand and Gujarat.26 While this analysis uses a flat INR/MWh estimate for the integration cost, actual 
integration costs will vary widely between RTS installations driven by RTS system characteristics and 
local power system conditions. DISCOMs and regulators can help drive RTS installations in locations 

 
 

25 For a more in-depth treatment on RTS integration costs, factors that influence such costs, and methodologies for 
determining such costs, see Horowitz et al. (2018). 
26 The average estimated integration costs for RTS in the United States is 5 USD/MWh and conversion between INR 
and USD was estimated to be 71 INR to 1 USD. Furthermore, integration costs are partially driven by labor costs 
during the interconnection process. To capture lower overall labor costs in India relative to the United States, a de-
rating factor of 25% was assumed for overall integration costs. The final integration cost was then 5 [USD/MWh] * 
71 [INR/USD] * .25, which equals approximately 90 INR/MWh. This cost was approved by in-country partners. 
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with low associated integration costs through appropriate interconnection processes that communicate 
local power system conditions to customers and developers, such as hosting capacity maps.27 

A.8 RTS Program Administrative Costs 
RTS program administrative costs represent the cost to the DISCOM to create and maintain a net 
metering, net billing, or similar compensation mechanism program. These costs can include things such 
as customer education and outreach or labor costs for checking interconnections of customer-sited RTS. 
As an RTS program consists of upfront and ongoing expenses for the DISCOM, calculating the cost to 
the utility in a given year requires a net present value calculation (Equation 5). For this analysis, program 
administrative costs were assumed to be borne prior to the year of the analysis. Better input information 
on when the RTS program was initiated as well as its initial costs could allow for a more comprehensive 
calculation of the program administrative costs. Assumptions for the administrative costs of the program 
are given in Table A-5. 

Equation 5: Generalized Equation for Calculating the Program Administrative Costs for RTS on a 
Per-kwh Basis 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑅𝑅𝑅𝑅𝑅𝑅 =  
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑁𝑁𝑁𝑁𝑁𝑁
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝑅𝑅−𝑁𝑁𝑁𝑁𝑁𝑁

  

Where: 

Program CostsNPV: Net present value of the upfront initial and annual costs associated 
with creating and maintaining an RTS program. 

GenerationRTS-NPV: Net present value of the annual generation of the RTS system. 

Table A-5. Assumed Values for Calculation of Program Administrative Costs for 
an RTS Program 

Data Source Value 

Program Initial Costs Assumed that program costs 
already absorbed before 
beginning of analysis 

0 INR 

Annual Recurring Program 
Costs 

Assumed 100,000 INR 

Theoretical RTS Output UCED model, see Section A.1 8760 data 

Year When Program Initiated Assumed 2022 

Discount Rate Assumed 11.50% 

 
 

27 For more information on how to incentivize deployment of RTS in areas with fewer integration costs, see 
Zinaman et al. (2020) and Horowitz et al. (2019). 
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A.9 Limitations of the VOS Full Methodology 
Although the UCED model does include more granularity and optimizes dispatch over the lifetime of the 
system, there are a number of limitations that should be acknowledged related to the model. First, the 
model was first developed in 2016 and updated in 2018, and some of the inputs used may not reflect 
current conditions or projections for capacity expansions (both renewable and conventional). Also, the 
inputs and assumptions for the Jharkhand UCED modeling were not as detailed as those for the Gujarat 
model: the original study in Palchak et al. (2017b) explicitly developed a granular state-level model for 
select states in India, including Gujarat. There is higher confidence in the Gujarat UCED model (VOS 
Full), which underwent more rigorous validation efforts, compared to the Jharkhand UCED results (VOS 
Full). 

This VOS Full approach is only an estimation of how the power system operates and does not consider 
factors that might impede RTS’s abilities to offset certain generators, such as transmission constraints, or 
the inability of certain plants to fully turn down their generation in response to injections of solar power.28 
Given small assumed amounts of solar generation, however, it is reasonable to assume that the operation 
of the power system would not change considerably and that such limitations would not be breached. One 
additional consideration not captured in this approach is the operation of generating plants with low 
marginal costs but limited fuel sources, such as hydropower. The operation of these plants is primarily 
determined by its availability (the amount of water in the reservoir), and given its low variable costs, 
these plants are likely to be dispatched to meet demand whenever available. 

In addition to the limitations of the UCED modeling, this analysis did not quantify other value streams 
that could increase the societal value of rooftop solar. For example, the analysis does not consider 
distribution capacity value in this analysis. If solar can reliably reduce peak load on distribution feeders, 
then upgrades to those distribution feeders can be avoided or at least delayed. This analysis can be 
complex and intense, given the data needs and the large diversity in distribution feeder types, load shapes, 
and topographies (e.g., rural vs. urban, residential vs. commercial, radial vs. parallel vs. ring main). 

VOS analyses, regardless of the methodology, typically only provide the VOS for a snapshot of time. As 
the VOS depends primarily on the conditions of the power system in which it is installed, changes in the 
power system will yield changes in the types and magnitudes of values RTS can provide. The power 
system of India is undergoing significant changes, driven by growing demand and ambitious renewable 
energy targets, and, as such, the VOS in any Indian state is liable to also change significantly in the 
coming years. Thus, the results from this analysis should be used to inform near-term decisions and be 
taken as a general indication of how those values might change at higher penetrations of renewable 
energy, in particular solar. The methodology used here, however, (and in particular the methodology for 
the VOS Lite approach discussed in Appendix B) can be used to estimate VOS under near-future 
conditions to help determine the impact of growing penetrations of RTS on the power system, DISCOM 
revenue sufficiency, and society more broadly. 

 
 

28 The UCED model which was used in this analysis did consider transmission constraints and generator flexibility 
for the exogenous levels of utility-scale solar PV and wind and RTS considered under the Base Case and MNRE 
Goals scenarios. However, for the additional marginal RTS system analyzed, the UCED model was not run and it 
was assumed that such relatively small levels of power injections would not impact power system operation.  
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B.VOS Lite: Results and Methodology 
In addition to the VOS Full analysis, a VOS Lite analysis was also conducted using publicly available, 
historical data on the operation of the power system in Jharkhand and a simplified Excel-based model. 
The motivations for this secondary analysis are covered in more detail in the text box at the end of 
Section 2. The VOS Lite analysis attempts to answer the same question as the VOS Full analysis: What is 
the value to the broader power system and to society at large? The VOS Lite methods differ dramatically 
in the data and modeling capability required; the level of detail of the results; the level of detail captured 
on how the power system would actually respond to exports of RTS; and the ability to forecast how the 
results might change under future scenarios. Broadly speaking, the VOS Lite and VOS Full 
methodologies represent a trade-off in the sophistication and time required versus the granularity of 
results and ability to test how the value might change given different assumptions about the future.  

The VOS Lite methodology is based on a highly simplified assumption of how the power system would 
actually react to injections of RTS generation. While this is suitable for relatively minor injections of 
RTS, at higher levels of RTS exports the power system may begin to change its operation more 
substantially, which is not captured by the VOS Lite approach. Furthermore, the VOS Lite approach relies 
on historical data and may be inappropriate for forecasting or scenario-building, as the full scope of how 
the power system might evolve under different assumptions is ignored. That said, the VOS Lite approach 
provides a more transparent and comprehensible approach to determining the VOS. Furthermore, as it 
relies on publicly available data and simple modeling software (Excel), this approach can be more readily 
applied to other states or jurisdictions than the VOS Full approach. Despite their limitations, both the 
VOS Lite and the VOS Full methodologies provide actionable results, which utilities and policymakers 
can use to evaluate existing compensation mechanism frameworks and determine the net impact of RTS 
on their power system. 

B.1 VOS Lite Methodology 
This section details the methodology used to calculate the Energy and Generating Capacity values in the 
VOS Lite approach. The Transmission Capacity, Environmental and Health, and Avoided Transmission 
and Distribution Loss values were not calculated independently for the VOS Lite approach and in the 
results were assumed to be the same as in the VOS Full Base Case scenario. As the VOS Lite approach 
relied on historical data rather than a UCED model, scenarios were not considered. 

B.1.1 VOS Lite: Energy Value 
To estimate the Energy value for the VOS Lite approach, this analysis utilized publicly available data on 
energy exchange prices. The Indian Energy Exchange (IEX) provides 15-minute and hourly prices for 
several “bid areas” within the Indian exchange market for several years. Figure B- 1 shows the average 
IEX prices for 2019 by season over the course of a 24-hour period in the E1 bid area, to which Jharkhand 
belongs.29 

 
 

29 Day-ahead IEX market data can be found at Indian Energy Exchange (2020a), a map of the bid areas can be found 
at Indian Energy Exchange (2020b). Jharkhand is included in the ‘E1’ bid area. 
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Figure B- 1. Average day-ahead IEX prices for Bid Area E1 for 2019, by season and hour. 
Note: for an explanation of the seasons, see the note under Figure 3. 

The prices represent the cost of purchasing volumes of energy that DISCOMs may need to pay due to 
constraints on their own generation or generation from independent power producers operating in their 
area. These constraints may be due to unforeseen outages, higher-than-expected demand, transmission 
constraints, or limits on the ability of the generation fleet to ramp up their generation. These prices 
conversely also represent the revenue such DISCOMs could expect to accrue for any volumes sold to the 
exchange market within that period, assuming an offtaker for the energy can be found. 

If injections from RTS systems can be assumed to either reduce the need to purchase from the exchange 
market, or to increase the energy available to sell on the exchange market, depending on whether a 
DISCOM has purchased enough generation to meet its demand obligations, then these energy prices 
represent the energy value of those RTS injections. This hourly data can then be used in conjunction with 
information on the theoretical output from an RTS installation to calculate the total energy value. 
Therefore, in this method, the Energy value was assumed to be the product of the IEX price for Bid Area 
E1 (INR/MWh) and the RTS system exports (MWh) in a given hour. 
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B.1.2 VOS Lite: Generating Capacity Value 
The method used to calculate the Generating Capacity value for Jharkhand in the VOS Lite approach is 
similar to the method used in the VOS Full approach (see Section A.3). The primary difference is that, 
whereas the VOS Full approach used the net peak demand (or the total demand less the VRE generation) 
to determine RTS’s capacity credit, the VOS Lite approach used total demand. The total demand was 
used for the VOS Lite approach as there is not currently a significant amount of solar PV in Jharkhand 
and reliable granular data on VRE generation in the state could not be found. For both the VOS Full and 
VOS Lite approaches, Equation 4 was used to calculate the Generating Capacity value. Table B- 1 
compares the sources of data for inputs into calculating the Generating Capacity value for the VOS Full 
and VOS Lite. 

Alternative Energy Value Methodology: The Dispatch Stack Method 

In addition to using energy exchange data, one alternative approach to calculating the energy value of RTS 
generation would be to determine which generator would be on the margin in any given hour for the analysis 
year. Given information on the variable operating costs of generators used to meet demand in Jharkhand, granular 
information on the demand in the state, and assumptions on the operation of the generating fleet and its 
availability, it would be possible to determine the marginal generator in each hour (i.e., the most expensive 
generator that might be dispatched to meet demand). As RTS generation would likely help to offset demand, the 
most expensive generator would be turned down in response to these exports, and the energy value would 
therefore be equivalent to the avoided variable costs associated with that particular generator. 

To show how this method might be employed, Figure B- 2 shows a dispatch stack for a given power system at 
three different levels of demand (Low, Mid, and High from left to right). As demand increases within the power 
system, more expensive generators must be turned on to meet the demand, moving to the right along the graph’s 
x-axis. As RTS injections would reduce the demand that must be met, the energy value of its injections can be 
considered to be equal to the variable costs of the marginal generator, or the Short Run Marginal Costs 
(represented along the y-axis). 

 

Figure B- 2. Example of calculation of the energy value of RTS using the Dispatch Stack Method 
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Table B- 1. Comparison of Data Sources for Inputs Into the Generating Capacity Value for VOS 
Full and VOS Lite Analyses 

Data Source for VOS Full  Source for VOS Lite Value 

Total Demand UCED model State Load Dispatch Center* 8760 data 

Variable Renewable 
Generation 

UCED model Not Used 8760 data 

Theoretical RTS output UCED model UCED model 8760 data 

CAPEX Cost of Next 
Generator 

Discussion with 
Stakeholder 

Discussion with Stakeholder 60,000,000 INR/MW 

FOM Cost of Next 
Generator (e.g., a 
supercritical coal plant) 

Assumed Assumed 1,200,000 INR/MW-
year (paid every year) 

Year When Next 
Generating Unit Needed 

Assumed Assumed 2022 

Discount Rate Assumed Assumed 11.50% 

Lifetime of RTS System Assumed Assumed 20 years 

Debt-Equity Ratio Assumed Assumed 30% equity 
70% debt 

Loan Interest Rate Assumed Assumed 11.50% 

Loan Duration Assumed Assumed 20 years 

*For the VOS Lite approach, representative load patterns using actual load from a subsection of the Jharkhand 
power system were utilized. Since load patterns are only used to determine the alignment between peak demand 
and RTS generation, the less-than-complete load profiles were adequate for determining the RTS’s capacity credit. 

B.1.3 VOS Lite: Transmission Capacity Value 
Given limited data on nodal prices within the power system of Jharkhand, as well as limited data on 
transmission needs and costs, a reliable methodology to calculate the Transmission Capacity value using 
only publicly available data was not pursued for the VOS Lite approach. In the results for the VOS Lite 
analysis (Section B.2), the Transmission Capacity Value for Jharkhand was assumed to be the same as in 
the VOS Full analysis for the Base Case scenario. 
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B.1.4 VOS Lite: Avoided Transmission and Distribution Loss Value 
The same methodology for scaling up the values for the VOS Full approach (Section A.5) was used for 
the VOS Lite approach. Table B- 1 shows the assumed losses and associated scale-up factor for each of 
the values calculated for both the VOS Full and VOS Lite approaches. 

B.1.5 VOS Lite: Environmental and Health Value 
The same assumptions for the marginal generator’s emissions rate and the value of avoiding those 
emissions was assumed as in the VOS Full approach (Section A.6). Table A- 4 shows the assumptions for 
emissions rates and avoided emissions values used in the VOS Full and VOS Lite approaches. 

B.1.6 VOS Lite: RTS Integration Costs 
The same RTS Integration costs for RTS in Jharkhand was assumed to be the same for VOS Full 
approach (Base Case scenario) and the VOS Lite approach (Section A.7). 

B.1.7 VOS Lite: RTS Program Administrative Costs 
The same RTS Program Administrative costs for RTS in Jharkhand was assumed to be the same for VOS 
Full approach (Base Case scenario) and the VOS Lite approach (Section A.8). 

B.2 VOS Lite Results and Discussion 
In general, the results from both the VOS Full (Base Case scenario) and the VOS Lite approaches were 
similar for the Generating Capacity values and on the same order of magnitude for the Energy values. 
Transmission and Distribution losses, Transmission Capacity, and the Environmental and Health values 
were not separately calculated under the VOS Lite analysis. Table B- 2 below compares the results from 
the VOS Lite Analysis and the VOS Full Analysis (Base Case scenario). 

Table B- 2. VOS Results for State of Jharkhand for VOS Full and VOS Lite Analyses 
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The similarity of the Generating Capacity and Energy values across the two methods provides additional 
confidence in the analysis’ results. In both cases, the primary values for RTS in Jharkhand are the Energy 
and Environmental and Health values. Due to the mismatch between RTS generating hours and peak 
demand, RTS has little opportunity to offset the need for new generating capacity in Jharkhand. The 
similar Generating Capacity values are unsurprising given that most of the assumptions (e.g., the costs of 
the new generating unit and when the new unit would be needed) were the same. The only difference 
between the two approaches was in calculating the capacity credit of the RTS system, where VOS Full 
used net demand and VOS Lite used total demand (see Sections A.3 and B.1.2). Although of similar 
magnitudes, the Energy value for the VOS Lite approach is significantly higher than for the VOS Full 
approach. This could indicate that there is a barrier to accessing the flexibility an exchange market 
provides market participants, and that in practice system operators cannot always use the market to meet 
demand more cheaply than dispatching expensive generators, nor can they effectively sell their excess 
energy. 

The results from VOS Lite method describe a value that is fundamentally different than those from the 
VOS Full approach in the following ways. First, the VOS Lite Energy value describes the marginal VOS 
generation as of 2019, because 2019 prices from the Indian Energy Exchange were used, whereas the 
VOS Full analysis is forward-looking to 2022, considering changes to the electricity generation mix to 
account for increased levels of demand and intermittent renewable generation. While the VOS Lite 
method is appropriate for low levels of incremental solar deployment or short-term applications, the VOS 
Full approach is more appropriate for more future-looking evaluations of VOS. This is because the power 
system contexts in India are changing rapidly due to, among other things, growing demand and ambitious 
renewable energy targets. For instance, energy values may change rapidly over the next several years as 
more expensive electricity generation is offset by solar, and, therefore, marginal electricity prices are 
depressed when solar generates; this merit order effect is not captured with the VOS Lite method because 
it uses a fixed set of historical prices.  

Finally, the VOS Full approach uses an integrated UCED model for India, considering the impacts of 
solar not only at the local level, but also its effects on imports and exports from the state. The VOS Lite 
method, however, uses a static set of nodal prices and does not consider any indirect impacts on how solar 
generation in one state may impact the generation in other states, with potential impacts on electricity 
generation costs and the energy VOS. Given that the VOS Lite method uses historical values and is only 
appropriate for small incremental levels of solar, it may be more appropriate for program evaluations of 
current RTS policies. To understand the costs and benefits of existing RTS, one can use these simplified 
methods for ex post analysis to estimate the energy value that existing (or historical) solar. The 
shortcomings of the VOS Lite approach should be balanced against its benefits, including a simple and 
readily modified methodology. As it only relies on publicly available data and an Excel model, the 
approach can be more readily duplicated in other interested jurisdictions. Furthermore, the methodology 
of the analysis is transparent and more easily interpreted by power system stakeholders, potentially 
increasing buy-in of the results. 
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