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Question of the Week 

•  Sustainable Grid Development: 
 

How knowledge of economic, social, and environmental 
interests can provide sustainable processing of grid 
development projects?   



Paper of the Week 

 
“Energy, economics and environmental impacts of 
renewable energy systems” 
 
Varun, Ravi Prakash, Inder Krishnan Bhat 
 
Renewable and Sustainable Energy Reviews 13 (2009) 2716–2721 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Abstract: 
•  Three indicators: 

–  Cost of electricity generation 
–  Greenhouse gas emissions 
–  Energy pay-back time 

•  Conclusion: 
–  Wind and small hydro are the most sustainable source for the 

electricity generation 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Introduction: 
•  In 2005: 

–  the worldwide electricity generation was 17450 TWh 
•  40% originated from coal 
•  20% from gas 
•  16% from nuclear 
•  16% from hydro 
•  7% from oil 
•  only 2% from renewable sources 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Introduction: 
•  Electricity Production: 

–  Fossil fuels 
•  in their crude form, i.e. wood, coal and oil have traditionally 

been an extensive used energy resource. 
–  Nuclear power 

•  due to a number of reasons is not accessible to the vast 
majority of the world and has found its application only within 
developed countries 

–  Renewable energy  
•  resources are easily accessible to mankind around the world 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

•  Sustainability indicators of renewable energy technologies 
–  Energy pay-back time 
–  GHG emissions 
–  Cost of electricity generation 

•  Energy pay-back time: 
–  means years to recover primary energy consumption throughout its 

life cycle by its own energy production 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

•  GHG emissions: 

 
•  Cost of electricity generation: 

–  An average cost of production of electricity over the full life cycle 
of each generation technology accounting for construction, 
installation, operation, maintenance, decommissioning, … 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Sustainability indicators for wind energy systems 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Sustainability indicators for PV systems 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Sustainability indicators for solar thermal systems 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Sustainability indicators for small hydro systems 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

Figure of Merit 
•  General meaning: 

–  used to compare the different system based upon 
•  their performance 
•  net energy requirement 
•  gross carbon emission from the systems 

•  In this paper: 
–  to evaluate the different sustainability indicators on single platform 

by giving them equal 



Figure of Merit for Renewable Based 
Electricity Sources 



Paper: Energy, economics and environmental 
impacts of renewable energy systems 

•  Figure of merit range for different renewable electricity generation 
sources 



REVIEW from DGD 01- Jan 7th 

•  Standard Residential Rates 

•  Residential Time-Of-Use (TOU) Rates 



REVIEW from DGD 01- Jan 7th 

•  Demand Charges 

•  Load Factor 



REVIEW from DGD 02- Jan 14th 

•  Simple Payback Period 

•  Initial (Simple) Rate-Of-Return 

•  e.g. a $1000 investment which returned $500 per year would have a 
two year payback period and 50% rate of return per year. 



REVIEW from DGD 02- Jan 14th 

•  Net Present Value (NPV) 

•  e.g: 

•  Net Value: 5$ 



REVIEW from DGD 02- Jan 14th 

•  Net Present Value (NPV) 

 
•  Assume Bank: interest rate: %6 

–  Present value formula at year 1: $105(1.06)-1 

–  Present value formula at year 0: $100(1.06)-0 

  NPV= -$100(1.06)-0 + $105(1.06)-1 = -$0.94 



REVIEW from DGD 02- Jan 14th 

•  Internal Rate of Return (IRR) 
•  e.g.: rate of return 3%     rate of return?!!?! 

-100(1+r)-0+60(1+r)-1+60(1+r)-2 

IRR: 13% 



REVIEW from DGD 02- Jan 14th 

•  IRR:             NPV = ΔA * PVF(IRR, n) – ΔP = 0 



DGD 03- Jan 21- Outline 

•  Energy Economics 
–  NPV and IRR with Fuel Escalation 
–  Annualizing the Investment 
–  Levelized Bus-Bar Codes 



NPV and IRR with Fuel Escalation 

•  The cost of fuel is not constant and may be higher in future than what 
it is today 

•  It is worth to include a fuel price escalation factor in the present worth 
analysis 

•  We had: 

•  Rewrite the above equation so that it is the sum of present values for 
an annual amount that is worth $1 at time t = 0, but becomes $(1 + e ) 
at t = 1 year, and escalates to $(1 + e )n in the nth year 



NPV and IRR with Fuel Escalation 

•  d is the buyer’s discount rate and e  is the escalation rate of the annual 
savings 

•  Therefore Equivalent discount rate with fuel escalation:  



Finding The IRR When There is Fuel 
Escalation 

•  New Formulas are: 

•  Where ΔA is the annual savings at t=0.  
•  IRR0: Internal Rate of Return without Fuel Escalation 
•  IRRe: Internal Rate of Return with Fuel Escalation 



Example 1. Net Present Value of Premium 
Motor with Fuel Escalation 
•  Q: The premium motor costs an extra $500 and saves $192/yr at 

today’s price of electricity. If electricity rises at an annual rate of 5%, 
find the net present value of the premium motor if the best alternative 
investment earns 10%. (for 20 years) 

•  Answer:   
 
–  The present value function for 20 years of escalating savings is 

–  The net present value is 
 NPV = ΔA * PVF(d’ , n) – ΔP 
 NPV = $192/yr * 12.717 yr - $500 = $1942 



Example 2. IRR for an HVAC Retrofit 
Project with Fuel Escalation 

•  Q: Suppose the energy-efficiency retrofit of a large building 
–  Reduces the annual electricity demand for heating and cooling 

from 2.3*106kWh to 0.8*106kWh and the peak demand for power 
by 150 kW 

–  Electricity costs $0.06/kWh 
–  Demand charges are $7/kW-mo 
–  Both of which are projected to rise at an annual rate of 5%. 
 
If the project costs $500,000, what is the internal rate of return over a 
project lifetime of 15 years? 



Example 2. IRR for an HVAC Retrofit 
Project with Fuel Escalation 
•  Answer: The initial annual savings will be 

–  Energy Savings: (2.3 – 0.8)*106 kWh/yr*$0.06/kWh = $90,000/yr 
–  Demand Savings: 150 kW * $7/kW-mo * 12 mo/yr = $12,600/yr 
–  Total Annual Savings: ΔA = $90,000 + $12,600 = $102,600/yr 

•  The Simple payback period will be 

•  From Table 1, the internal rate of return without fuel escalation IRR0 is 
very close to 19%. 

•  The internal rate of return with fuel escalation is 
IRRe = IRR0(1 + e) + e = 0.19 (1 + 0.05) + 0.05 = 0.2495=25%/yr 



Table 1. Present Value Function to Help 
Estimate the Internal Rate of Return a 



Outline 

•  Energy Economics 
–  NPV and IRR with Fuel Escalation 
–  Annualizing the Investment 
–  Levelized Bus-Bar Codes 



Annualizing the Investment 

•  Where extra capital required for an energy investment 
–  will be borrowed from a lending company 
–  obtained from investors who require a return on their investments 
–  or taken from one’s own accounts 

•  In all of these circumstances, the economic analysis can be thought of 
as a LOAN 
That converts the extra capital cost into a series of equal annual 
payments that eventually pay off the loan with interest. 



Annualizing the Investment 

•  A represents annual loan payments ($/yr) 
•  P is the principal borrowed ($) 
•  i is the interest rate (e.g. 10% corresponds to i =  0. 10/yr) 
•  n  is the loan term (yrs), and 

•  CRF is just the inverse of the present value function (PVF). 
–  we are treating the first cost of the investment as a loan, we have 

gone back to using an interest rate i rather than a discount rate d. 
  



Table 2. Capital Recovery Factors as a 
Function of Interest Rate and Loan Term 

•  To find the monthly payment: 



Example 3. Comparing Annual Costs to 
Annual Savings 

•  Q:  An efficient air conditioner that costs an extra $1000 and saves 
$200 per year is to be paid for with a 7% interest, 10-year loan. 
a.  Find the annual monetary savings. 
b.  Find the ratio of annual benefits to annual costs. 

•  Answer:  
•  The capital recovery factor: 

•  The annual payments will be A = $1000 * 0. 14238/yr = $142. 38/yr. 



Example 3. Comparing Annual Costs to 
Annual Savings 

a.  The annual savings will be $200 − $142. 38 = $57. 62/ yr.  
–  Notice that by annualizing the costs the buyer makes money every 

year so the notion that a 5-year payback period might be 
considered unattractive becomes irrelevant. 

b.   The benefit/cost ratio would be 



Example 4. Cost of Electricity from a 
Photovoltaic System 

•  Q:  A 3-kW photovoltaic system, which operates with a capacity factor 
(CF) of 0.25, costs $10,000 to install. There are no annual costs 
associated with the system other than the payments on a 6%, 20-year 
loan. Find the cost of electricity generated by the system (¢/kWh). 

•  Answer:  
–  From Table 1, the capital recovery factor is 0.0872/yr 
–  The annual payment: 



Example 4. Cost of Electricity from a 
Photovoltaic System 

•  Answer: 
–   The annual electricity generated: 
Annual Energy (kWh/yr) = Rated Power (kW) * 8760 hr/yr * CF 
Annual energy = 3kW * 8760 h/yr * 0.25 = 6570 kWh/yr 

–  The cost of electricity from the PV system is therefore 

(8760 = 365 * 24)	





Outline 

•  Energy Economics 
–  NPV and IRR with Fuel Escalation 
–  Annualizing the Investment 
–  Levelized Bus-Bar Codes 



Levelized Bus-Bar Codes 

•  To do an adequate comparison of cost per kilowatt-hour from a 
renewable energy system versus that for a fossil-fuel-fired power plant, 
the potential for escalating future fuel costs must be accounted for.  

•  key advantages of the renewable energy systems 
–  independence from the uncertainties associated with future fuel 

costs. 
•  The cost of electricity per kilowatt-hour for a power plant has two key 

components 
–  an up-front fixed cost to build the plant 
–  an assortment of costs that will be incurred in the future 



Levelized Bus-Bar Codes 

•   The usual approach to cost estimation: 
–  Finding an equivalent initial cost: A present value calculation  
–  Spreading out the amount into a uniform series of annual 

costs. 
•  The ratio of the equivalent annual cost ($/yr) to the annual 

electricity generated (kWh/year) is called the Levelized Bus-Bar 
Cost of power 

•  the “bus-bar” refers to the wires as they leave the plant boundaries 
•  In the first step, the present value of all future costs must be found, 

including the impacts of inflation. To keep things simple, we’ll assume 
that the annual costs today are A0, and that they escalate due to 
inflation (and other factors) at the rate e. Figure 1 illustrates the 
concept. 



Figure 1. Levelizing annual costs when 
there is fuel escalation 



Levelized Bus-Bar Codes 

•  The present value of the escalating annual costs over a period of n 
years is given by 

where d’ is the equivalent discount rate including inflation introduced 
in  
 
 
Having found the present value of those future costs, we now want to 
find an equivalent annual cost using the capital recovery factor 



Levelized Bus-Bar Codes 

•  The product in the brackets, called the levelizing factor , is a multiplier 
that converts the escalating annual fuel and O&M costs into a series of 
equal annual amounts: 

•  Notice that when there is no escalation (e =0), the d’=d and the 
levelizing factor is just unity! 

•  The impact of the levelizing factor can be very high, as is illustrated in 
Figure 2. 



Figure 2. Levelizing Factor 



Figure 2. Levelizing Factor 

•  Levelizing Factor for a 20-year term as a function of the escalation rate 
of annual costs, with the owner’s discount rate as a parameter. 

•  e.g. if fuel prices increase at 5%/yr for an owner with a 10% discount 
rate, the levelizing factor is 1.5. If they increase at 8.3%/yr, the impact 
is equivalent to an annualized cost of fuel that is double the initial cost. 

•  Normalizing the levelized annual costs to a per kWh basis by using: 
–  the heat rate of the plant (Btu/kWh) 
–  the initial fuel cost ($/Btu) 
–  the per kWh O&M costs 
–  the levelizing factor 



Levelized Bus-Bar Codes 

•  Levelized annual costs: 



Levelized Bus-Bar Codes 

•  Just as the future cost of fuel and O&M needs to be levelized, so does 
the capital cost of the plant. 

•  To do so 
–  Combine the CRF with other costs that depend on the capital cost 

of the plant into a quantity called the fixed charge rate (FCR) 
•  The fixed charge rate covers costs that are incurred even if the plant 

doesn’t operate, including depreciation, return on investment, 
insurance, and taxes. 

•  Fixed charge rates vary depending on plant ownership and current 
costs of capital, but tend to be in the range of 10–18% per year. 



Levelized Bus-Bar Codes 

•  The governing equation that annualizes capital costs is then 

•  Where CF is the capacity factor of the plant 
•  Table 2 provides estimates for some of the key variables in last two 

equations. 



Table 3. Example Cost Parameters for 
Power Plants 



Example 5. Cost of Electricity from a 
Micro-turbine 

•  Q: A micro-turbine has the following characteristics: 
–  Plant cost =  $850/kW 
–  Heat rate =  12,500 Btu/kWh 
–  Capacity factor =  0.70 
–  Initial fuel cost =  $4.00/106 Btu 
–  Variable O&M cost =  $0.002/kWh 
–  Fixed charge rate =  0.12/yr 
–  Owner discount rate =  0.10/yr 
–  Annual cost escalation rate =  0.06/yr 

Find its levelized ($/kWh) cost of electricity over a 20-year lifetime 



Example 5. Cost of Electricity from a 
Micro-turbine 

•  Answer: 
–  We know: 

–  Therefore: 

–  We know: (Levelized annual costs = A0* LF 



Example 5. Cost of Electricity from a 
Micro-turbine 

–  Therefore the initial annual cost for fuel and O&M is 
A0=12,500 Btu/kWh * $400/106 Btu + $0.002/kWh = $0.052/kWh 
This needs to be levelized to account for inflation. 
–  We know: 

–  Therefore the inflation adjusted discount rate d would be 



Example 5. Cost of Electricity from a 
Micro-turbine 

–  We know: 

–  Therefore we have: 

–  Levelized annual cost: 
A0LF = $0.052/kWh * 1.628 = $0.0847 
–  Levelized fixed plus annual cost: 
–  Levelized bus-bar cost = $0.0166/kWh + $0.0847/kWh = $0.1013/

kWh 
 


