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Introduction

Today, many institutions and individuals see energy efficiency as an important issue; reducing energy
consumption is thought to decrease demand for fossil fuels and consumes energy more sustainably.
However, while more efficient devices can save users both energy and money, they do not always result in
less energy use as a society. This discrepancy between expected and actual energy savings is called
the rebound effect. This can be a result of several factors: increased use of the device drawing more
energy, manufacturers using more energy to create the new device, or money saved by the users being re-
spent in the economy. The combination of these three factors produces an economy-wide rebound
where the market saves less energy than expected.

Method

The Engineering 333 class at Calvin University has been conducting research with the goal of determining
the economy-wide rebound effect of adopting new energy efficient technologies. Each class broke into
teams, with each team investigating the rebound effect of two different devices. There were two
requirements each team had to meet with their device selection. First, when selecting the two devices, one
had to be “small” (~less than $500 initial cost), and one had to be “large” (at least $1000 initial cost). The
second requirement was that at least one energy efficiency intervention had to be relevant to life on Calvin’s
campus.

The data produced from this study was found in a variety of ways. Each team involved in the project found
studies pertaining to their devices that contained data such as direct energy consumption, device-level
rebound, and lifetime costs. When studies did not provide pertinent numbers, equations and other estimating
tools were used to find these values. Analysis for rebound was found by determining device-level rebound
and then connecting that to economy-wide rebound. This was done using Equation 1 below.

Regyw = Regep, + €+ (1 — Regey, — V) KIP, (Equation 1)

where k is a constant based on the marginal propensity to consume, / is the energy intensity of the economy
which relates GDP to energy, p, is the price of energy for the given device, and y is the cost to implement.
Note that this equation is directly dependent on the three main contributing factors:

e Device-level rebound (Re,y,)
e Embodied energy rebound ()
e  Re-spending rebound ((1 — Rege, — ¥)kIp,)

The contributions of each of these terms could then be used to determine the driving factor for energy
backfire from each device — direct device-level rebound, embodied energy in manufacturing, or spending
of freed cash in the economy.

Results

After some analysis it was determined that the re-spending effect had the greatest contribution toward the
overall economy-wide rebound for most of the energy efficiency interventions, as can be seen in Figures 1
and 2. According to data seen in these figures, an overall trend is that several of the devices studied go over
100% economy-wide rebound, and therefore will backfire. It should also be noted that the re-spending
effect has the largest impact on the overall economy-wide rebound. These results and their high dependence
on the re-spending effect also suggests a high dependence on the Marginal Propensity to Consume (MPC),

1
Executive Summary



December 18, 2019 Energy Rebound Project

which is used to calculate re-spending. For a sensitivity study on the how these results depend on the MPC
see Appendix A2.

Conclusion

Economy-wide rebound is most significantly impacted by re-spending rebound. Though devices vary, the
energy intensity of the economy means that the economic gain of an energy efficiency device equates to
increased energy use as cost savings ripple through an economy dependent on energy to function.

Because of this energy intensity, there is tension between energy efficiency and energy usage: energy
efficiency can potentially be damaging in the case of economy-wide backfire. Because governments strive
for a constantly growing economy, they will naturally have an economy that requires more energy.

Energy efficiency lies at the very heart of this growth cycle; as more energy efficient devices are created,
they naturally create cost savings. These savings can be reinvested into the economy through re-spending
which in turn causes more energy usage. This development is not necessarily a bad thing, however, when
the economy is based on a non-renewable energy infrastructure, a problem starts to arise. With today’s
fossil-fuel-based energy infrastructure, as the economy grows, it uses more energy and in turn emits more
carbon dioxide which increases global warming.

The economic development due to energy efficient savings is exactly what a healthy economy should have,
the problem is the energy system that the economy relies on. With a non-renewable energy infrastructure,
it is possible for energy efficiency developments to hurt the environment due to the impending economic
growth it causes and the associated re-spending effect. However, it would be possible for this tension to
disappear if a renewable infrastructure could be developed.

Another possible solution to mitigate some of the negative environmental effects of rebound is a green
revolving fund. These funds take money that is saved through energy efficiency and recycle it back into
more energy efficient projects. This way, the additional money is actively being put towards
environmentally friendly projects which decreases negative side of the additional energy implications.

Executive Summary
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Figure 1: Bar graph comparing the percentages of total energy rebound across all devices
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Figure 2: Ternary graph comparing the percentages of energy rebound effect.
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Executive Appendix Al: Equations

The three pieces of embodied energy are calculated using Equations Al.1 through A1.3

1 — Esav,dev,dir,actual

Regey = (Equation A1.1)

Esav,dev,dir,expected

Ecost,dev,emb

£= < (Equation A1.2)

Esav,dev,dir,expected

Cimpl

PE Esav,dev,dir,expected (Equation A1.3)

'y:

Where the energy values mentioned above are calculated using Equations A1.4 through A1.9.

Ecost,dev,emb = Eemb,EE - Eemb,base (Equatlon A1'4)

Esav,dev,dir,expected = Edir,base - Edir,EE (Equation A1.5)
Esav,dev,expected = Esav,dev,dir,expected - Ecost,dev,emb (Equation A1.6)

Esav,dev,dir

(Equation A1.7)

Esav,dev,dir,expected =1

1-— Redev
Esav,dev,dir = (1 - Redev)Esav,dev,dir,expected (Equation A1.8)
Esav,dev = Lsqv,dev,dir — Ecost,dev,emb (Equation A1.9)

The cost values mentioned above are calculated using Equation A1.10.

Cimpl = Crepl,EE - Crepl,base (Equation A1.10)
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Executive Appendix A2:

Graphs and Values

Energy Rebound Project

Energy Price Constants
Natural Gas - Commercial
0.0105
[S/M] 3
Natural Gas - Calvin
0.0044
[S/MJ] 3
Gasoline
0.0211
[$/MJ] 3
Electricity - Commercial
0.040
[$/MJ] 3
Electricity - Calvin
0.0227
[S/MJ] 3
Economic Parameters
Marginal Propensity to Consume (MPC)
0.95
[-]
k
19
[-]
Energy Intensity of the Economy (I) 3.89
[MJ/$] ’

Figure A2. 1: Constants used across groups for calculations
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Figure A2. 3: Ternary graphs of the sensitivity study for economy wide rebound. MPC is labeled above
each chart.
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Introduction

Team 1 focuses on detailing the findings of energy efficiency interventions of the following two cases: low
flow shower heads and ENERGY STAR rated dryers. The low flow shower head case is based on the Calvin
energy recovery fund (CERF) project where low flow shower heads were implemented in the dorms and
KE apartments, tracking water and energy usage and the resulting cost savings. This Calvin-specific case
gives an indication of energy rebound at a university-wide level and how this affects the student body. As
for the dryers, this appliance often uses more energy than all other household appliances combined
(EnergySage 2019), making it a notable source for energy rebound. The following analysis determines the
impact of a small-scale intervention (replacing a shower head), and a larger scale intervention (replacing
one’s dryer).

Methods
Device 1: Low Flow Showers

Research on low flow shower heads comes primarily from the CERF data for the 362 shower heads replaced
across Calvin’s campus. They collected preliminary data on shower time and shower temperature and
projected savings in terms of water usage, sewer costs, and energy savings to the present day. Embodied
energies for the showerheads were approximated by finding their weight, assuming them to be solid brass,
and dividing by their useful lifetimes. Because showerheads never physically wear out, their lifetimes were
assumed to be five years for the sake of analysis. To determine device-level rebound, a function of energy
savings, direct energy usage was calculated from the CERF average shower time and an extrapolated
increase in shower time in correlation with a European study performed on flow restrictors (Ableitner
2016). See Equations B.1 and B.2 below.

(Equation B. 1)

Esav,dev,dir,expected = Ebase,ave shower time — EEE,ave shower time

Esav,dev,dir,actual = Ebase,new shower time — EEE,ave shower time (Equatlon B. 2)

The cost of implementation equation was also adjusted for shower heads to include cost of water and sewer.
See Equation B.3 below.

. c . .
Crept = At + Cwater + Csewer (Equation B. 3)

Device 2: Dryers

Several studies were used to evaluate dryer data. The base case and energy efficient case were chosen based
on their combined energy factor (CEF) ratings, see Equation B.4 below.

load size (Ib) (Equation B. 4)

CEF =
Eactive + Eidle

The lowest CEF dryer was chosen as the base case, and then a model with the same dryer drum size, higher
CEF rating, and ENERGY STAR rating criteria was chosen as the energy efficient case. Dryer manuals
and their warranties were used to determine their respective embodied energies and useful product lifetimes.
Energy usage was estimated from the CEF rating from ENERGY STAR, and the average yearly laundry
done (see Equation 4). Average household loads per week and average load size come from actual data
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provided by ENERGY STAR (ENERGY STAR 2015). Lifetime was estimated using the date that the dryer
appeared on the market and comparing 2016 dryer lifetime to that of a 2018 dryer.

Results
Device 1: Low Flow Shower Heads

Shower head analysis resulted in a device-level rebound of 8.55%, which lead to an economy-wide rebound
of 108% as shown in Table 1. This large economy level rebound is largely due to a re-spending factor as
the energy efficient model enables the user to save a lot of money.

Table B.1: Calculated Results for Low Flow Shower Heads

Base Case EE Case % Change
Lifetime [yr] 5 5 0
Eemp [MJ/yr] 1,527 1,170 -31
Edir [MJ/yr] 3,211,361 2,042,437 36
Crepl [$/year] 32,157 21,140 -52
Price of Energy [$/MJ] $0.004
€ [-] -0.0003
Y [-] -2.156
Redev [%] 8.5
Regw [%] 108

Table B.2: Low Flow Shower Heads Contribution to Energy-Wide Rebound Effect

Rebound Terms Re [%)] D [-]
Device 8.5 0.079
Embodied 0.0 0.000
Respending 99.2 0.921
Economy Wide 108 1

Device 2: Dryers

Dryer analysis resulted in a device-level rebound of 8.4%, which lead to an economy-wide rebound of
507% as shown in Table 3. This economy level rebound is again largely due to the re-spending factor as a
significant amount of energy is saved through these dryers thus causing a large customer re-spending.
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Table B.3: Calculated Results for Dryers
Base Case EE Case % Change
Lifetime [yr] 10 15 33
Eemb [MJ/yr] 94 186 49
Egir [MJ/yr] 2,382 1,800 24
Crepl [$/year] 100 83 -20
Price of Energy [$/MJ] $0.040
€ [-] 0.1576
Y [-] -0.716
Redev [%] 8.4
Regw [%0] 507

Table B.4: Dryers Contribution to Energy-Wide Rebound Effect

Re [%] D[-]

Device 8.4 0.017

Embodied 15.8 0.031

Respending 482.5 0.952
Economy Wide 507 1

Analysis
Device I: Low Flow Shower Heads

The data from CERF and subsequent calculations demonstrate that low-flow showerheads use less water,
less sewage, and less natural gas, saving money overall. Even though the calculations show that people
could be taking slightly longer showers with the low-flow models, the resulting device-level rebound is
small making its effect basically negligible at this lower level. The rebound from the embodied energy is
also negligible since the models are both similar in size and expected lifespan. This is beneficial to the user
because it means one does not need to overcome any additional energy usage that may have went into the
production of the device. The only significant rebound from low-flow showerheads comes from the re-
spending effect. Although this result indicates that the re-spending is highly multiplied through the
economy, our case is a Calvin-specific case where all energy savings are put back into energy saving
projects here on campus.

Device 2: Dryers

The analysis performed on the two chosen dryers demonstrates that an energy efficient dryer, while costing
more and involving more embodied energy, will use less energy over its lifetime. The device-level rebound
for this device is small making its effect negligible like that of the low flow shower heads. Because of the
longer device lifetime, the energy efficient dryer resulted in a comparable embodied energy to that of the
base case making the embodied energy term also negligible. The term that carried the most impact in the
economy rebound was the re-spending term. This indicates that although small at the device-level, the
energy rebound multiplied through the economy is large, meaning this expected energy saving intervention
does not result in any energy savings when analyzed globally.
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Conclusion

Although the upfront costs are high, there are notable cost savings when implementing energy efficient
models of showerheads and dryers. Any extra purchase costs and increased embodied energies from energy
efficient devices are outweighed by water and/or energy savings over their lifetimes. Based on the previous
analysis, the energy rebound at the device level for both cases are negligible, meaning that the behaviors of
the individual consumers are unlikely to change drastically enough as to negate the cost and energy savings
brought on by these energy saving interventions. The low embodied terms demonstrate that manufacturing
plays little effect in device backfire. With re-spending as the dominating factor for both devices, money
saved by these devices contribute highly to economy-wide energy rebound causing further energy use and
carbon emissions. Therefore, these results show positive energy saving impacts individually but have
significant potential for high economy-wide energy backfire if savings are not reinvested back into more
energy saving solutions.
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Appendix B1: Model Numbers and Basic Data for Case Studies

Figure B1. 2: Energy Efficient Model #: PlumBest Deluxe Shower Head S01-008

Figure B1. 3: Base Case Model #: Whirlpool WED75HEFW
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Figure B1. 4: Energy Efficient Model #: Whirlpool YWHD560CH

Table B1.1: Basic Data and Assumptions for the EE and Base Case Low Flow Shower Heads

Basic Data/Assumptions EE Case Base Case
Cost of Model [$] 32.53 36.20
Mass [kg] 0.26 0.34
Expected Life [yr] 5 5
Number of Shower Heads Replaced at Calvin [-] 362 362
Ave. Shower Time [min] 7.34 6.92
Cost of Water [$/gal] 0.00238 0.00238
Cost of Sewer [$/gal] 0.00441 0.00441
Cost of Natural Gas [$/MJ] 0.004 0.004

Table B1.2: Basic Data and Assumptions for the EE and Base Case Dryers

Basic Data/Assumptions EE Case Base Case

Cost of Model [$] 1000 1250
CEF [1b/kWhr] 52 3.93

Mass [1b] 198 177.39

Expected Life [yr] 15 10

Expected Annual Energy Use [kWhit/yr] 460 608
Cost of Electricity [$/MJ] 0.04 0.04
Average Weekly Laundry Load Size [1b/wk] 46 45.95
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Appendix B2: Low Flow Shower Head CERF Data

CERF Data - TPT Shower Head Excel Sheet

Energy Rebound Project

Cost Savings $73,427.59 Number of Shower Heads 362|

CO2 Savings (metric tons) 269.25

Heating Savings (MMBtu) 5,080.17 Base Case (Old Model)

Water Savings (gal) 7,290,335.38 Water Cost [$/gal] $0.00238

Avg. Water Monthly Savings 113,911.49 Sewer Cost [$/gal] $0.00441

Avg. Monthly Cost Savings $1,147.31 Old Flow Rate [gal/min] 1.65

Avg. Monthly CO2 (metric tons) 4.21 Total Water Cost per Year [$/yr] $10,347.02

Avg. Natural Gas Savings (MMBtu) 79.38] Total Sewer Cost per Year [$/yr] $19,189.17

Years Monitored 5.33 Water Usage [gal/wk] 362,443
Water Usage [gal/yr] 4,349,314

CERF - Low Flow Shower Heads Excel Sheet Heat [MMBtu/yr] 3043.78

Table 9: List of parameters for calculating savings Heat [MJ/yr] 3,211,361|

Daily Water Savings [gal] (2013 replacements) 2,697

Daily Water Savings [gal] (W/ 2014 replaceme 5,149 EE Case (New Model)

Daily Water Savings [gal] (W/ KE Extension) 6,293 Water Cost [$/gal] $0.00238

Dorms w/ 7 min shower time 4,918| Sewer Cost [$/gal] $0.00441

KE w/ 7 min shower time [gal/day???] 6,082| 14-15Rates -18 Rates New Flow Rate [gal/min] 0.93

Water Cost [$/gal] $0.00238 0.002317 0.00395 Total Water Cost per Year [$/yr] $6,580.74

Sewer Cost [$/gal] $0.00441 0.004336 0.0047 Total Sewer Cost per Year [$/yr] $12,204.38

Cold Water Temp [°F] 48 Water Usage [gal/wk] 230,515

Hot Water Temp [°F] 128 Water Usage [gal/yr] 2,766,179

Typical Shower Temperature [°F] 106 Heat [MMBtu/yr] 1935.86

Old Flow Rate [gal/min] 1.65 Heat [MJ/yr] 2,042,437

New Flow Rate [gal/min] 0.93

Current Gas Rate [$/Mcf] $5.21

Number of Showers per Day 4

Average Shower Time [min] 7.33

Heat Capacity of Water @ 90F [Btu/IbmF] 0.998|

Density of Water @ 90F [Ibm/ft"3] 62.11

Boiler Efficiency 0.91]

Hot Water Usage Percentage [(Tsh-Tc)/AT] 0.725]

Figure B2. 1: Snip of CERF Data used for rebound analysis for the energy efficient case.

CERF Data - TPT Shower Head Excel Sheet Shower Time

Cost Savings $73,427.59 Ave shower time old [min]

CO2 Savings (metric tons) 269.25 Ave shower time new [min]

Heating Savings (MMBtu) 5,080.17| #showers per day 4

Water Savings (gal) 7,290,335.38 # shower heads replaced 362

Avg. Water Monthly Savings 113,911.49 School Wide Shower Time Old [min/day] 10015.43228

Avg. Monthly Cost Savings $1,147.31 Schoole Wide Shower Time New [min/day] 10637.008

Avg. Monthly CO2 (metric tons) 4.21

Avg. Natural Gas Savings (MMBtu) 79.38 Old Model

Years Monitored 5.33] Old Flow Rate [gal/min] 1.65)
School Wide Shower Time [min/day] 10,015

CERF - Low Flow Shower Heads Excel Sheet #school days [day/yr] 255

Table 9: List of parameters for calculating savings Water Usage [gal/yr] 4213993.132

Daily Water Savings [gal] (2013 replacements) 2,697 Heat [MMBtu/yr] 2949.08|

Daily Water Savings [gal] (W/ 2014 replaceme 5,149| Heat [MJ/yr] 3,111,445.70

Daily Water Savings [gal] (W/ KE Extension) 6,293

Dorms w/ 7 min shower time 4,918 New Model

KE w/ 7 min shower time [gal/day???] 6,082| 14-15Rates -18 Rates |Heat [MI/yr] 2,042,437.24)

Water Cost [$/gal] $0.00238 0.002317 0.00395

Sewer Cost [$/gal] $0.00441 0.004336 0.0047

Cold Water Temp [°F] 48

Hot Water Temp [°F] 128

Typical Shower Temperature [°F] 106

0ld Flow Rate [gal/min] 1.65

New Flow Rate [gal/min] 0.93]

Current Gas Rate [$/MJ] $5.21

Number of Showers per Day 4

Average Shower Time [min] 7.346

Heat Capacity of Water @ 90F [Btu/IbmF] 0.998

Density of Water @ 90F [Ibm/ftA3] 62.11

Boiler Efficiency 0.91]

Hot Water Usage Percentage [(Tsh-Tc)/AT] 0.725

Figure B2. 2: Snip of CERF Data used for rebound analysis of the old model shower head.
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Appendix B3: Energy Efficient Low Flow Shower Head Rebound Analysis

15 20 25
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Shower Time (in min)
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Flowrate of Shower (in I/min)

Figure B3. 1: Graph used to help verify shower time for rebound analysis.

Table B3. 1: Extrapolation from researched article to CERF shower time.

Article
Average shower time (min) 4
Water saved (gal/min) 0.26
Time increased (min) 0.09
CERF
Average shower time (min) 7
Water saved (gal/min) 0.72
Time increased (min) 0.43
25
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| Energy Efficient Case
Device Data/Assumptions
Value Source
Model # PlumBest Deluxe Shower Head Part # S01-008 CERF
Expected Life time [yrs] 5 shower head store
Mass [kg] 0.261 Actaul value from scale
Number of Shower Heads 362 CERF
Embodied Energy
Value Source
Embodied Energy Factor -
: &y 62 ee-coefficients.pdf
Brass [MJ/kg]
E_emb [MJ/yr] 1169.87 NA
Cost of Replacement
Value Source
Cost of Model [$] $32.53 Amaozn
Number of Shower Heads 362 CERF
Expecetd Life [yr] 5 shower head store
Cost of Water [$/yr] $6,580.74 CERF
Cost of Sewer [$/yr] $12,204.38 CERF
C_repl [$/yr] 21,140.30 NA
Direct Energy Use
Value Source
E_dir_expected [MJ/yr] 2,042,437.24 CERF
E_dir_actual [MJ/yr] 2,042,437 CERF

Figure B3. 2: EE Low Flow Shower Head data showing different values as part of the rebound

calculations.
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Appendix B4: Old Model Low Flow Shower Head Rebound Analysis
| Base Case
Device Data/Assumptions
Value Source
Model # LASCO 08-2305 Adjustable Chatham CERF
Expected Life time [yrs] 5 shower head store
Mass [kg] 0.340 Amazon
Number of Shower Heads 362 CERF
Embodied Energy
Value Source
Embodied E Factor -
mbocied Energy Factor 62 ee-coefficients.pdf
Brass [MJ/kg]
E_emb [MJ/yr] 1527.06 NA
Cost of Replacement
Value Source
Cost of Model [$] $36.20 Amaozn
Number of Shower Heads 362 CERF
Expecetd Life [yr] 5 shower head store
Cost of Water [$/yr] $10,347.02 CERF
Cost of Sewer [$/yr] $19,189.17 CERF
C_repl [$/yr] 32,157.07 NA
Direct Energy Use
Value Source
E_dir_expected [MJ/yr] 3,211,361.29 CERF
Quantifying the Potential of
Voluntary Energy Efficienc
E_dir_actual [MJ/yr] 3,111,446 y Energy Efficiency

Measures: The Case of Flow
Restrictors

Figure B4. 1: Old Model Low Flow Shower Head data showing different values as part of the rebound

calculations.
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Device Level Rebound

Value
E_save_dir_expected [MJ/yr} 1,168,924
E_save_dir_actual [MJ/yr] 1,069,008.47
Re_dev [%] 8.548%

Figure B4. 2: Device-level Rebound Data for Old Model Low Flow Shower Heads.
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Appendix BS: Dryer Analysis

Embodied Energy Total for Whirlpool YWED75HEFW
944.1978 MJ |
Top and Console Parts
Diggram # Part # Description ; Material w[‘?t‘g‘t Weight (ke) Eemb
1 W10804688 L5 il ol
Guide
Paper 0.01 0.00453592 0.057153
: Top (white)
WPW102
7 m {Replaces: $108.84
— W) Steal 73 33112216 33.44334
W106375 Harness, Wiring
3 39 (main) 502.31
Copper 1.24  0.56245408 39.70926
Panel, Console
WPW103 i
I e (ohite) . sel.el

Figure B5. 1: Snip of Data used to determine Embodied Energy for our dryers. It required using a list of
all the parts and the weights and using the embodied energy coefficients to calculate the overall embodied

energy.
Material For EE Case Ibs kg EMB MU
Paper 1| 0,453592| 5.715259
Steel 155.388| 70.48275| 711.8758
Plastic 35.612| 16.15332| 1793.018
Rubber 3.016| 2.275217| 250.2739
Brass 0.984| 0.446335| 31.51122
Total Weight Weight 198( 89.81122| 2792.395
Weight 96.1826 kg
EMB Total (MJ)| 2792.395|

Figure B5. 2: Snip of the Embodied Energy Calculation for the EE dryer case.
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Model: Whirlpool YWED7SHEFW (Lowest CEF rating on Energy STAR)

Type Electric
Height (in) 38
Width (in) 27
Depth (in) 31
CEF {Ib/kWhr) 3.93
Annual Energy Use (kWh/yr) 608
Energy Test Cycle Time (min) 73
Meets ENERGY STAR most efficient MO
Cost ($) 1000

Figure B5. 3: Old Model Dryer Data.

Model: Whirlpool YWHDS60CH

Type Electric
Height (in) 38
Width (in) 27
Depth (in) 31
CEF (Ib/kwhr) 5.2
Annual Energy Use (kWh/yr) 460
Energy Test Cycle Time (min) 70
Meets ENERGY STAR most efficient YES
Cost (3) 1250

Figure B5. 4: EE Dryer Model Data.

EE Case Base Case
YWHD560CH YWEDJSHEFW
E_dot direct actual {MJ/yr) 1656 2,189
E_dot direct expected (MJfyr) 1,800 2,382
Repayice Laval B8.4%
Lifetime {yr) 15 10
Cret (5) 1250 1000
labor (S/yr)
C_dotp (S/yr) 83.33 100.00
Mass (Ib) 198 177.39
Plastic (%)
Steel (%)
Recycled Material (%)
Recyclable Material (%)
E dot emb (M) 2792.395 944198
E dot_emb (MJ/yr) | 18616 | 9442

Figure BS. 5: More data for EE and Base Case Dryer Models.
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Introduction

Team 2 focused on two specific energy interventions. The first denoted throughout the body of this
appendix as Device 1: Boiler is an industrial boiler for space heating on Calvin’s campus. In this case the
existing Hurst 400 series boiler was considered the base case and was to be replaced with the energy
efficient Burnham 4S-500. Figure C.1 shows these two models.

The second device is denoted as Device 2: Rack Servers and represents the replacement of industrial servers.
In this case the Dell PowerEdge R710 represents the base case and this was to be replaced with the Dell
PowerEdge R720 which was considered the Energy Efficient case. Figure C.2 shows these two models.

Figure C.2: The R720 Server
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Methods
Device 1: Boilers
Direct Energy Consumption

The direct energy consumption was found for the base case boiler by utilizing research from past Engr-333
projects. The annual natural gas use by the Calvin’s Main Power Loop was found for the year of 2017 and
it was assumed that the natural gas usage was similar for each year since that project. Calvin currently has
6 boilers that are running: 2 in Commons dining hall, 2 in Knollcrest dining hall, and 2 in the Science
Building heating facility. The Calvin Physical plant does not keep records on how much natural gas each
boiler consumes; therefore, a method for estimating the natural gas consumption of one of the Hurst boilers
in the Science Building complex had to be devised. Each of the 6 boilers on campus were visited and the
boiler specifications were recorded as shown in Table 1A in Appendix B. (Engineering 333 Section B,
2017). The percentage of the annual natural gas used by each boiler was then scaled by the output potential
of that boiler to get the annual energy usage for each boiler on campus including the base case. In actuality,
the more efficient boilers are run at full power and the less efficient boilers are used when needed. Since
the weighted potential method results in the more efficient Hurst boilers contributing the most to total
heating, the method was assumed to be close to the actual value. These calculations are shown in Appendix
B. The energy usage of the efficient case calculated from the efficiencies of the boilers as shown in Equation
L.

Nbase

Edi'ree = Edirbase nee

(Equation C. 1)
In this equation, #;, refers to the efficiency of the boiler and Eg;.; refers to the direct energy usage by each
boiler in MJ/yr. The calculations for direct energy are shown in Appendix B.

Embodied Energy Consumption

The embodied energy of each of the boilers was calculated by estimating the mass of each material in the
device and multiplying the mass by the energy required to process a unit mass of each material. Since the
boilers are primarily made of steel, the embodied energy was calculated assuming the entire boiler was steel
(B Coffee 2019, personal communication, 27 September). The other materials in a boiler are negligible
amounts of cement, plastic, and other metals such as aluminum, therefore, this assumption results in a
conservative, but accurate estimate for the embodied energy for the materials (Koubogiannis, 2016, p.5).
This estimate was verified by using the mass percentages from a medium-sized boiler to find the embodied
energy which resulted in a slightly lower embodied energy. The mass of each boiler was found from
specification sheets provided by the manufacturer (Burnham Commercial Boilers, 2015; Hurst Boiler
Company. 2014). According to a Hurst representative, the embodied energy associated with manufacturing
the base case or efficient boiler was not documented. Therefore, the embodied energy associated with
manufacturing the boiler was assumed to be 20% of the material embodied energy since steel has a
relatively high embodied energy per unit mass (M Heun 2019, personal communication, 20 October). The
following equation was used to determine the total embodied energy for each boiler:

- E bmaterials,i
Eempi = 1.2 <w (Equation C. 2)
lifecycle

In this equation, Eems,marerias,i t€fers to the embodied energy of steel in the boilers in MJ and #secycre 1S the
economic lifecycle of each boiler in years.
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Cost of Replacement

The cost of replacement for each of the boilers was calculated by determining the purchase cost of
equipment, installation cost, maintenance cost, and disposal cost for each boiler and dividing the sum of
the costs by the lifecycle of the device. The purchase cost of equipment was found by contacting Hurst
Boilers for the base case and contacting a Burnham boiler distributor, RL Deppmann, for the efficient case
(RL Deppmann, 2019). Quotes were received for both devices and the installation cost were assumed to be
included in the quotes (T Kolk 2019, personal communication, 17 October). The maintenance costs for a
commercial packaged boiler was determined from past Engr-333 projects (Engineering 333 Class, 2015).
Not much information is recorded on the disposal cost of industrial boilers; thus, it was difficult to conduct
research in this area. The disposal was assumed to be similar in magnitude to the amount needed to install
it; therefore, the installation cost from the same Engr-333 project as listed previously was taken to be an
estimate for the disposal cost. The Energy Technology Systems Analysis Programme estimates an industrial
boiler life expectancy of 20-40+ years (Vanwortswinkel, 2010). It was estimated that the boilers in this
study would have an economic lifecycle of 40 years since that is the upper limit of what was reported. Some
of the Kewanee boilers on Calvin’s campus are more than 60 years old, but there is no way of knowing
whether the boilers in this study would be maintained that long. The cost of replacement for each boiler
was calculated using the following equation:

Crepl,i — Cpurchase + Cinstallation + Cdisposal + COM (Equation C. 3)
tlifecycle

In this equation, C; refers to the cost component in U.S. dollars ($) and Cy), refers to the annual cost of

operations and maintenance in $/yr.

Device 2: Rack Servers
Direct Energy Consumption

A direct comparison of the energy consumption of the two models at 85% utilization was done by the
industry reviewer, Principled Technologies (2009, Figure 7). As the two models had different efficiencies,
their energy consumption (E y4;,-;) had to be pro-rated using the equation:

_ Nbase .

Egiree = Eqirpase (Equation C. 4)
nee

In this equation, #; refers to the efficiency of a server, in terms of performance/watt. This performance was

not a standard measure of performance, such as SSJ operations. Instead, the performance per watt for each

model was directly given in the comparison done by Principled Technologies.

Although the energy consumption rates were originally given in [W], they had to be converted to [MJ/yr]
to correspond to the theoretical equations. Assumptions had to be made about the percentage of time the
servers would be running at 85% utilization rate. For simplicity, it was assumed that the servers would be
running continuously throughout a year, that is, 61320 seconds per year.

Embodied energy consumption

To calculate the embodied energy consumption rate of each model, the embodied energy required for
manufacturing was calculated based off published results from Dell on the greenhouse gas emissions
associated with the production of each model (Stutz, 2013, Figure 3).
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To convert these metrics from GHG emissions to energy consumption, the emissions intensity of electricity
production in China was used (Jian, 2019, Table 7), as Dell has a computer manufacturing plant there (Dow
Jones, 1998). The equation used to do this was:

Eemb,i = GHG;(EFeec) (Equation C. 5)

[{3:E]
1

In this equation, the subscript “i”” refers to the server type (Base or EE). GHG; refers to the greenhouse gas
emissions associated with the manufacturing of the server, and EF... was the emissions factor, listed in
units of tonsCO,Eq/tonsCoalEq. This number had to be converted to MJ/yr, which required that a server
lifetime be estimated. The server lifetimes used are shown in Table 3 and are taken from the study done by
Principled Technologies.

Cost of Replacement

The purchased equipment cost of the energy efficient case was obtained from the Principled Technologies
study, as well as Operations and Maintenance costs for both cases. The purchased equipment cost of the
base case had to be estimated. In a study by Jonathan G. Koomey et. Al, (2009) relations between server
cost and various performance parameters were related.
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Figure C. 3: Performance Per Watt and Performance per Kilodollar (from Koomey 2009).

In Figure 3 there is found to be a positive relation between performance-per-watt and performance-per-
dollar among various current servers. Performance is measured by the SPECpower ssj2008 benchmarking
tool from the Standard Performance Evaluation Corporation, in which the server is made to run server-side
Java at a given volume, and its computation rate is measured. This performance metric is called ssj ops. In
the study, the base case server was not included on the figure, but since SPEC released benchmarking results
for the base case server (SPEC, 2009), we could find our server’s point on the figure by estimating a
regression of all the other server performance benchmarks and costs. We used a line through the origin with
a slope of 50 Watts per 2009 kilodollar.
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Results

Energy Rebound Project

The calculated results for boiler are shown in Table C.1 and the Economy-wide rebound effects are shown
in Table C.2. The calculated results for computer servers are shown in Table C.3 and the Economy-wide

rebound effects are

shown in Table C.4.

Table C. 1: Device 1 Calculation Parameters

Base Case EE Case % Change
Lifetime [yr] 3 3 0
Eemb [MJ/yr] 70 108 36
Egir [MJ/yr] 9,066 8,290 9
Crepl [$/year] 19,000 20,662 8
Price of Energy [$/MJ] $0.040
€ [-] 0.0496
X [] 53.517
Redev [%] 0.0
Regw [%] -15,521.3

Table C. 2: Device 1 Contribution to Energy-Wide Rebound Effect

Re [%] D[-]

Device 0.0 0.000

Embodied 5.0 0.000

Respending -15,526.2 1.000
Economy Wide -15,521.3 1

Table C. 3: Device 2 Calculation Parameters

Base Case EE Case % Change
Lifetime [yr] 40 40 0
Eemp [MJ/yr] 16,504 14,936 -10
Edir [MJ/yr] 270,000,000 243,000,000 10
Crepl [$/year] 7,625 8,801 13
Price of Energy [$/MJ] $0.004
€ [-] -0.0001
Y[ 0.010
Regey [%0] 0.0
Regw [%0] 32
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Table C. 4: Device 2 Contribution to Energy-Wide Rebound

Re [%] D [-]

Device 0.0 0.000

Embodied 0.0 0.000

Respending 32.0 1.000
Economy Wide 32 1

Analysis
Device 1: Boilers

The economy-wide rebound of the implementation of a more efficient water heating boiler at Calvin
University is 32%. This indicates that investing in a more efficient space and water heating boiler will result
in less energy saving than what would be expected from the energy savings. This reduction in energy
savings it mostly due to the rebound associated with the re-spending effect which is represented
quantitatively by Rerespend. The rebound associated with the re-spending effect, Rerespend, for boilers was
approximately 32%. This indicates that the money saved from the efficiency of the new boiler would be
respent in other parts of the economy and would thus result in less energy saving than one would expect.

The rebound associated with the energy savings embodied in the devices, Recmy, was negative (-0.006%).
Reemb 1S negative since there are energy saving directly from the efficiency of the device. Because the
efficient boiler consumes less energy than the base case to provide the same amount of heating, the rebound
is negative. The Reemy value has very little effect on the economy-wide rebound since it is so small. This is
because the boilers consume so much more energy than is required to manufacture the each of the boilers.

Finally, the device-level rebound, Reqev, is 0% in the case of boilers since the usage of industrial boilers is
dictated by the managers of the company or institution that utilizes them (Friedman, 2016). It is unlikely
that the manager of the boilers would run the boilers longer or at a higher rate of output since space and
water heating is fixed-value requirement. This means that the users of the boiler products will require a set
amount of it, regardless of how much it costs to obtain the products. Therefore, the boilers will be used for
as much as they are needed regardless of energy savings.

Since all the rebound variables are either zero or close to zero, the rebound of industrial boilers is dictated
by the spending constants in the theory equation. Therefore, for any device that has a very large energy
usage cost compared to the initial cost and embodied energy and a negligible device-level rebound, the
economy-wide rebound would most likely be similar to the value for obtained for industrial boilers.

Device 2: Rack Servers

The economy-wide rebound of the conversion to energy efficient rack servers is negative (-155.2%). This
indicates that investing in energy efficient servers significantly reduces the total energy consumption.
Because the energy efficient case is so much more expensive, energy savings are accrued by drawing money
out of the economy and preventing the re-spending effect. This prevention of the re-spending effect
contributes the most to the magnitude of the economy-wide rebound, as shown by the value of Rerespend,
which is over 100%.

The embodied energy rebound, Recms, is negative in this case, because it is causing rebound in a different
“direction” than Regw. That is, more embodied energy is being used in the energy efficient case. This would
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normally cause a positive rebound. However, since the overall economy-wide rebound is negative, the
embodied energy rebound is acting in opposition to the economy value, and so is negative.

Metaphor: What does a negative rebound mean? Consider this scenario. You have the option to buy an
inexpensive home and travel more, or to buy an expensive home and be more stationary. In the case that
you buy the inexpensive home, you may be using more natural gas to heat your home, as well as more jet
fuel and gasoline to travel. If you buy the more expensive home, you might have better insulation and so
use less natural gas for heating, and you would not have the money to travel. The decision to buy a more
expensive home would result in a negative economy-wide rebound, because you would be taking money
“out” of the economy, thereby reducing re-spending.

The economy-wide rebound of the conversion to energy efficient rack servers is negative. This indicates
that investing in energy efficient servers significantly reduces the total energy consumption. This is due to
the large contribution of Rerespend.

Conclusion
Device 1: Boilers

The energy savings due to replacing one of the boilers on the campus of Calvin University is significant in
magnitude. The replacement cost for a more efficient boiler would be small compared to the energy cost
savings one would see with a more efficient boiler. The assumption made it this report is that the efficiency
of the boilers, the annual energy usage, and the cost of energy remains relatively the constant. In reality,
the efficiency of the boilers decreases over time. The efficiency of industrial boiler can drop to 68% after
40 years of service (Engineering 333 Class, 2015). Given that both boilers would drop in efficiency, it is
unlikely that the economy-wide rebound would change much. This assumption is backed up by a sensitivity
study conducted on the energy usage of the boilers. Only once the energy usage dropped by a factor of 2,
did the economy-wide rebound change by a whole percent. The annual energy usage would not fluctuate
that much from year-to-year unless if there was an unprecedented cold or hot season. As global temperatures
rise, there may be a decrease in the amount of energy used for heating. Given the lifetime of the boilers in
question, this slight change in energy usage per year would not appreciably change the economy-wide
rebound figure. Further research might investigate the expected changes in seasonal temperatures on energy
usage as well as the effect of possible increased natural gas prices in the future. Since one would assume
that inflation would affect the price of both boilers in the same way, the total economy-wide rebound would
remain close to the value that was determined from this research.

Device 2: Rack Servers

The improvement of server efficiency appears to be fairly effective in saving energy at the device-level. It
is important to note that the computation load is assumed to be the same for both the energy efficient server
and the base case server. However, it seems that at a macro scale this may not hold true. While the
computation load of a given server may not change if a small business replaces one server with another, the
computation load required by servers nationwide is growing quickly. In the United States Data Center
Energy Usage Report by Arman Shehabi et al. (2016, p ES-2), it is noted that “the combination of these
efficiency trends as resulted in a relatively steady U.S. data center electricity demand over the past 5 years,
with little growth expected for the remainder of this decade. It is important to note that this near constant
electricity demand is occurring while simultaneously meeting a drastic increase in demand for data center
services.” The study estimates that if energy savings efforts were halted in 2010, more than 600 billion kWh
would have been required across the 2010’s decade. While it is no surprise that computation demand should
increase with time, it is possible that this increase is due to the increase of affordability of computation with
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the increase in efficiency of servers. This study has modeled a server replacement in a small business, where
computation is held at a constant, fixed rate between both cases and savings are respent at the average
energy intensity of the economy. However, in a data center, wherein computation may not be held constant,
savings would likely be used to scale up computation and to lower the price of computation, increasing
computation demand. Further study might investigate the effect of average server efficiency on demand for
server energy use economy-wide in order to determine the indirect rebound, if any.
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Appendix C1: Boiler Calculations.

Table C1. 1: Natural gas usage in Calvin’s main power loop.

Energy Rebound Project

Natural Gas Purchased

Month (includes inefficiency of Units
boilers)
July 2016 57634.32 cubic ft/month
August 2016 65748.61 cubic ft/month
September 2016 69007.89 cubic ft/month
October 2016 79652.90 cubic ft/month
November 2016 102770.06 cubic ft/month
December 2016 164554.37 cubic ft/month
January 2017 190236.53 cubic ft/month
February 2017 148872.94 cubic ft/month
March 2017 144209.01 cubic ft/month
April 2017 79471.47 cubic ft/month
May 2017 79032.90 cubic ft/month
June 2017 58614.25 cubic ft/month
Total: 1239805.24 cubic ft/month
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Table C1. 2: Boiler specifications.
Boiler Data
Boiler: Base Case Efficient Case Units:
Model #: | 55-X-400-125W 4S-500 -
Approx.
Weight: 37900 34300 lbs
Approx.
17191.17 15558.24 k
Mass: &
Thermal
BTU/h
Output: 16,750,000 18,014,000 ’
Thermal 4908.96 5279.40 kW
Output:
Horse 500 500 HP
Power
Max .
Pressure 125 125/130 psi
Efficiency 78 86.6 o
Life- 40 40 years
cycle:
Rebound: 0 o

Table C1. 3: Embodied energy calculations for boilers.

Embodied Energy

Approximate
Composition: Composition Mass of Base [kg] Emb E Composition Base [MJ]
Steel. | 0941 16176.89 550117.48
Embodied Energy
[MJ/kg] Manufacturing Energy [MJ] 110023.50
Steel: 32 Total Emb Energy Base [MJ/yr]: 16503.52
Composition Mass of EE [kg] Emb E Composition EE [MJ]
14640.30 497863.58
Manufacturing Energy [MJ] 99572.72
Total Emb Energy EE [MJ/yr]: 1493591
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Table C1. 4: Direct energy consumption calculations for boilers.

Energy Consumption
Energy in a ¢cf of Nat. Gas 943,213.30 943,213.30 BTU/¢gcf
Campus Nat. Gas Usage 1239805.242 1239805.242 ccfiyr
Campus Nat. Gas Usage 1.1694E-12 1.1694E+12 BTU/yr
Campus Nat. Gas Usage 1.233,783,308.03 1,233,783.308.03 Mllyr
Nat. Gas Usage per boiler 205.630.551.34 205.630.551.34 MI/yr
Direct Energy Consumption 2.70E+08 2.43E+08 Ml/yr
" Units: Percent Fraction Usage
OQutput: =
Commons Boiler 1 14525 MBH 18.98% 526767642 |234,217.748
Commons Boiler 2 14524 MBH 18.98% 5.268039108 |234,201,623
Knollcrest Boiler 1 6582 MBH 9.13% 10.95860785 [112,585,770
Knollcrest Boiler 2 6582 MBH 9.13% 10.95860785 [112,585,770
SB Botler 1 16750 MBH 21.85% 4.567940299 |270,096,198
SB Boiler 2 16750 MBH 21.89% 4.567940299 (270,096,198
Total 76513 MBH
Table C1. 5: Cost calculations for the boilers.
Costs
Base Case Eff. Casel
Initial Cost $ 148,000.00 | $195,052.00
Installation Cost Included Included
Maintenance Costs [$/yr] $ 3,800.00 [$ 3,800.00
Disposal Cost $ 500000 |S$ 5,000.00
Total: $ 305,000.00 S 352,052.00
Crepi [$/y1] $ 762500 [$ 8,801.30
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Table C1. 6: Sensitivity study on boiler natural gas usage.

Re_EW LA A ECiEy;USaee E_sav_exp epsilon gamma
- BC EE - =
0.31 70,000,000.00 63,048,498.85 6,951,501 -2.26E-04 | 0.0387139
0.31 90,000,000.00 | 81,062,355.66 | 8,937,644 | -1.75E-04 | 0.0301108
0.31 110,000,000.00 | 99,076,212.47 | 10,923,788 | -1.44E-04 | 0.0246361
0.32 130,000,000.00 | 117,090,069.28 | 12,909,931 | -1.21E-04 | 0.0208459
0.32 150,000,000.00 | 135,103,926.10 | 14,896,074 | -1.05E-04 | 0.0180665
0.32 170,000,000.00 | 153,117,782.91 | 16,882,217 | -9.29E-05 0.015941d
0.32 150,000,000.00 | 171,131,639.72 | 18,868,360 | -8.31E-05 | 0.0142630
0.32 210,000,000.00 | 189,145,496.54 | 20,854,503 | -7.52E-05 | 0.0129046
0.32 230,000,000.00 |207,15S8,353.35 | 22,840,647 | -6.86E-05 | 0.0117825
0.32 250,000,000.00 |225,173,210.16 | 24,826,790 | -6.31E-05 | 0.0108399
0.32 270,000,000.00 |243,187,066.97 | 26,812,933 | -5.85E-05 | 0.0100369
0.32 290,000,000.00 |261,200,923.79 | 28,799,076 | -5.44E-05 | 0.0093447
0.32 310,000,000.00 |279,214,780.60 | 30,785,219 | -5.09e-05 | 0.0087418
0.32 330,000,000.00 |297,228,637.41 |32,771,363 | -4.78E-05 | 0.0082120
0.32 350,000,000.00 |315,242,494.23 | 34,757,506 | -4.51E-05 | 0.0077428
0.32 370,000,000.00 |333,256,351.04 | 36,743,649 | -4.27E-05 | 0.0073243
0.32 390,000,000.00 |351,270,207.85 | 38,729,792 | -4.05E-05 | 0.0069486
0.32 410,000,000.00 |369,284,064.67 | 40,715,935 | -3.85E-05 | 0.0066097
0.32 430,000,000.00 |387,297,921.48 | 42,702,079 | -3.67E-05 | 0.0063023
0.32 450,000,000.00 |405,311,778.29 | 44,688,222 | -3.51E-05 | 0.0060222
0.32 470,000,000.00 |423,325,635.10 | 46,674,365 | -3.36E-05 | 0.0057659
0.32 450,000,000.00 |441,339,491.92 | 48,660,508 | -3.22E-05 | 0.0055306

45

Appendix C: Team 2



December 18, 2019

Appendix C2: Server Calculations

Energy Rebound Project

Table C2. 1: Embodied energy calculations for servers.

Metric Value Units
GHG_mfg_base 499 kgCo2eq
GHG_mfg_ee 775 kgCo2eq
Emission Factor of

Electricity 5.399 [tCo2/tce]
Energy Conversion Factor 8141 kWh/tce
CO2 Mass Conversion 1000 kg/tonne
Overall conversion 1.507 kWh/kgCO2eq
E_emb_base 751.993 kWh
E_emb_ee 1167.925 kWh
kWh -> MJ Conversion 0.277777778 MIJ/kWh
Lifetime 3 years
E_dot_emb_base 69.6 MJ/yr
E_dot_emb_ee 108.1 MJ/yr

Table C2. 2: Direct energy calculations for servers.

Metric Value Units
Power_base 2873 W
Power_ee 3529 W
(Performance/Watt)_base 743.3 Perf/W
(Performance/Watt)_ee 812.9 Perf/W
Conversion 31.556 (MJ/yr) / watt
E_dot_dir_base 9066.0388 MJ/yr
E_dot_dir_ee 8289.8 MJ/yr
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Table C2. 3: Cost calculations for servers.

Energy Rebound Project

[ Metric __________|BaseCase __FECase ____|Units

Model Cost
Licensing and software
costs

Operational Costs
Operational Timeline

C_dot_repl [S/yr]

C_repl [total S]

Ssj_ops:
ssj_ops/W
(ssj_ops/kS)/(ssj_ops/W)

ssj_ops/kS
Costin S:
With inflation:

4986

27744
13360
3

S
15,363

$
46,090

910978
3923
50

156150

4644.292633
4985.71
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Introduction

Two energy efficiency interventions were analyzed to determine their effects on economy-wide rebound.
The first device chosen to study was lightbulbs. This energy efficiency intervention involves replacing
metal halide lights with LED lights with a higher efficiency. This device was chosen because Calvin
implemented this change in its Tennis and Track building (T&T) in 2014. They switched all the old halide
lights with LED lights, and they have detailed data collected about costs, energy savings, usage, and
more. The team studied the effects of switching all the old metal halide lights with new LED lights rather
than looking at a one light to one light switch due to the data that was available from CERF.

The second device chosen to study was switching from a gas car to a hybrid car. The specific
models chosen are switching from a 2014 Toyota Corolla (gas) to a 2014 Toyota Prius (hybrid). This topic
was chosen due to the team’s interest in automobiles and curiosity about the rebound effects of fuel-efficient
cars.

Methods

To ultimately calculate the economy-wide rebound effects of implementing each energy efficiency
intervention, several variables for each device needed to be found including embodied energy, direct energy
consumption, and cost of implementation, and the price of energy. A discussion of how each of these
variables were found can be seen below.

Device 1: Lights
Assumptions:

The lifetime of each lighting system was estimated from Calvin Energy Recovery Fund (CERF) data. The
lifetime of the LED system was estimated to be 20 years and the lifetime of the metal halide system was
estimated to be 4 years.

Embodied Energy:

The embodied energy of each lighting system was estimated. This was done by estimating the embodied
energy of one metal halide light and one LED light, and multiplying by the number of lights in each system.
The embodied energy for each light was calculated by using mass breakdowns of the LED and the metal
halide lights. Mass of the shell was estimated at roughly 50% aluminum and 50% ABS plastic for the face
of the light, and the rest of the mass was allocated to copper for the internal wiring of the light. The mass
of the metal halide system was done by measuring the size of the parts and then calculating the volume of
each shape. The volume was then converted to mass by using the density of each material. The total mass
was then converted to embodied energy terms by using a conversion factor from the University of
Wellington (University, Victoria Wellington). The total embodied energy of each system was then divided
by the estimated life of each system to find an average embodied energy per year. This yielded an embodied
energy value of 6,691 [MJ/yr] for the metal halide system and a value of 15,184 [MJ/yr] for the new VHB
system.

Direct Energy Consumption:

The amount of electricity paid for by Calvin for lighting the T&T with the metal halide lights was known
from CERF data. Base case direct energy consumption was found using this information. CERF data also
had efficiency data of the new lights. With this, the energy efficient direct energy consumption was
estimated for the same amount of usage. It was found that the metal halide lights consumed 1,517,747
[MJ/yr] and the LED lights consumed 374,043 [MJ/yr].
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Implementation Costs:

The cost to purchase and install the metal halide lighting system and the LED lighting system was known
from CERF data. This was used to find the base case and energy efficient cost of implementation. It was
found that the cost to install and maintain the metal halide lighting system was 9,504 [$/yr], and the cost to
install and maintain the LED lighting system was 8,721 [$/yr].

Device-level Rebound:

The device-level rebound was calculated by analyzing lighting usage numbers from CERF data. The
average amount of hours the lights were used with the old metal halide lights was compared to the average
amount of hours the new LED lights are used. The percent increase in usage was used as device-level
rebound, which was found to be 14.58%.

Price of Energy:

The price of energy used for electricity was obtained from CERF data and is an average of the amount that
Calvin pays for electricity. This was determined to be 0.0227 [$/MJ]

Device 2: Cars
Assumptions:

From collaboration with the other groups studying cars, it was determined that the lifetime of each car
would be 12 years and the total mileage driven would be 15,000 miles per year. This was determined by
finding an overall average life and usage of many cars (Lee), and this was standardized between groups so
that easy comparisons could be made.

Embodied Energy:

To calculate the total embodied energy of both the base case, a 2014 Toyota Corolla, and energy efficient
case, a 2014 Toyota Prius, a published paper was used that had detailed material weight breakdowns of
each car (Onat). These weights were multiplied by their respective embodied energy coefficients
(University, Victoria Wellington). The sum of these terms gave the total embodied energy, and this was
divided by the lifetime of the car to determine the average embodied energy per year. It was found that the
Corolla has an embodied energy value of 2,911 [MJ/yr] and the Prius has an embodied energy value
of 4,340 [MJ/yr].

Direct Energy Consumption:

The direct energy consumption of each of these devices is based solely on their gasoline consumption in a
year. The fuel efficiency of each car was found based on the average value found on
Edmunds.com (Edmunds). This was found to be 32 miles per gallon for the Corolla and 50 miles per gallon
for the Prius. Using this information, the total gasoline used in a year could be found using the total amount
driven, which was assumed to be 15,000 miles. This was then multiplied by the energy content in gasoline
(127 MJ/gal, Victoria) to determine the direct energy consumed in each case. It was found that the Corolla
consumes 59,531 [MJ/yr] in gasoline and the Prius consumes 38,100 [MJ/yr] in gasoline.

Cost of Implementation:

The replacement cost for each device in made up mainly by the cost to buy each car. This was found using
the cost from Edmunds.com for each car (Edmunds). The cost to buy a 2014 Toyota Corolla is $16,800 and
a 2014 Toyota Prius is $24,200. Also included in the replacement cost is the cost to service and maintain
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each car. This was found in (Anan) and was determined to be $358 per year for the Corolla and $424 per
year for the Prius. The purchase cost was divided by the expected lifetime of 12 years and added to these
maintenance costs to find total replacement costs per year. It was found that a Corolla costs 1,400 [$/yr] to
own and maintain and a Prius costs 2,017 [$/yr] to own and maintain.

Device-level Rebound:

Device-level rebound was found from a study that compiled many different sources for car device-level
rebounds (Lee). This study concludes that people do in fact drive more on average when they have a more
fuel-efficient car. The amount of increased driving, however, differs depending on the situation. To find a
value to use, several studies were compiled and averaged to give a device-level rebound of 6.04%.

Price of Energy:

The price of gasoline was standardized between several groups and was found by finding the average price
of fuel in the United States over the last 5 years. This was determined to be $2.69 per gallon (Anon).

Results

With all the variables described above known or calculated, the economy-wide rebound for each
system could be found using the Equations in Appendix Al. Total economy-wide rebound was broken into
its three components of device-level rebound, embodied energy effects, and re-spending.

Table D.1: Lights - Calculation Parameters

Base Case EE Case % Change
Lifetime [yr] 4 20 80
Eemb [MJ/yr] 6,691 15,184 56
Edgir [MJ/yr] 1,519,747 374,043 75
Crepl [$/year] 9,504 8,721 -9
Price of Energy [$/MJ] $0.023
e [-] 0.0074
Y [-] -0.030
Redev [%] 14.6
Regw [%] 164

Table D. 2: Lights - Contribution to Energy-Wide Rebound Effect

Re [%] O[]
Device 14.6 0.089
Embodied 0.7 0.005
Respending 148.2 0.906
Economy Wide 164 1
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Table D.3: Cars - Calculation Parameters

Energy Rebound Project

Base Case EE Case % Change
Lifetime [yr] 12 12 0
Eemp [MJ/yr] 2911 4,340 33
Edir [MJ/y1] 59,531 38,100 36
Crepl [$/year] 1,400 2,017 31
Price of Energy [$/MJ] $0.021
e [-] 0.0667
Y [-] 1.364
Redev [%0] 6.0
Regw [%0] -54

Table D. 4: Contribution to Energy-Wide Rebound Effect

Re [%] O[]

Device 6.0 -0.113

Embodied 6.7 -0.125

Respending -66.3 1.237
Economy Wide -54 1

Analysis
Device 1: Lights

It is estimated that the impact of implementing a project where incandescent bulbs are changed to LED
bulbs would backfire and have an economy-wide rebound of 164%. These results may be considered
surprising as the consensus of using LED lights is that they save money and that they are better for the
environment. There is some device-level rebound, meaning that the new lighting system is used more
energy than the old lighting system. This is most likely since the new lights can be turned on immediately
and do not need to warm up, which encourages their use. The embodied energy difference between the two
systems ended up being negligible. The economy-wide rebound is high, mostly due to the re-spending
effect. This is because it is assumed that Calvin is spending the money that they are saving on electricity
on the new system, which is re-spent in the economy and driving up energy usage. As these energy savings
continue, the large amount of money that is saved by the T&T will continue to be re-spent in the economy,
causing the rebound effect.

Device 2: Cars

It is estimated that the impact of driving a hybrid car instead of a gas car will have an economy-wide
rebound of -54%. This means that more energy will be saved than expected. The rebound associated with
embodied energy and device-level changes were both small positive numbers, meaning that they take away
a small amount of the energy savings. This is because the hybrid car requires greater energy input
to manufacture due to its battery, and drivers drive more when their car is more fuel efficient. These effects,
however, are relatively small compared to the re-spending effect. Since the cost of implementation is
greater than the price of energy saved each year, money is taken out of the economy, which results in less
money to be re-spent; therefore, the overall energy consumption in the economy decreases. This is a
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surprising and hopeful result, as implementing this energy efficiency intervention will lead to more energy
savings than expected.

Conclusion

The team studied economy-wide rebound effects of replacing metal halide lights with LED lights and
replacing a gas car with a hybrid car. It was determined that Calvin’s recent change from metal halide lights
to LED lights in its T&T building resulted in 164% economy-wide rebound. This means that this energy
efficiency intervention backfired and did not save energy in the economy. This is mostly due to the re-
spending effect, as the money saved is re-spent in the economy. Next, it was determined that a switch from
a 2014 Toyota Corolla to a 2014 Toyota Prius will result in an economy-wide rebound of -54%. This means
that even more energy will be saved than expected from just fuel savings. Again, this is mainly due to re-
spending. Since the Prius is more expensive, there will be less money in the economy and less energy
consumed. It can be concluded that the overall economy-wide rebound of energy efficiency interventions
depend on the specific systems being implemented. While some energy efficiency interventions end up
having a negative overall energy impact, some end up saving more energy than anticipated.
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Appendix D1: Sources

“2014 Toyota Corolla Features & Specs.” Edmunds, www.edmunds.com/toyota/corolla/2014/features-
specs/. Anon, AAA Gas Prices. A44 Gas Prices. Available at: https://gasprices.aaa.com/
[Accessed November 13, 2019].

“2014 Toyota Prius Features & Specs.” Edmunds, www.edmunds.com/toyota/prius/2014/features-specs/.

Anon, 2014 Toyota Corolla Repair: Service and Maintenance Cost. RepairPal.com. Available at:
https://repairpal.com/cars/toyota/corolla/2014 [ Accessed November 13, 2019].

Lee, Ruiwen, and Gernot Wagner. "The Rebound Effect in a More Fuel Efficient Transportation Sector."
Editorial. Institute for Policy Integrity, 23 Jan. 2012.

Onat, Nuri C., et al. "Conventional, hybrid, plug-in hybrid or electric vehicles? State-based comparative
carbon and energy footprint analysis in the United States." Editorial.

University, Victoria Wellington. “Embodied Energy Coefficients - Alphabetical.” Victoria University
Wellington,  Victoria  University =~ Wellington, 1997, www.victoria.ac.nz/architecture/
centres/cbpr/resources.
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Appendix D2: Device Pictures

Figure D2. 1: Base Case: Metal Halide Lights in TNT

Figure D2. 2: Energy Efficient Case: LED Lights in TNT

Figure D2. 3: Base Case: 2014 Toyota Corolla
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Figure D2. 4: Energy Efficient Case: 2014 Toyota Prius
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Introduction

Over the past several months, the Engineering 333 class at Calvin University has been conducting research
with the goal of determining the economy-wide rebound effect which occurs when new energy efficient
technologies are adopted. This was done by analyzing individual devices though their embodied energy,
direct rebound, and re-spending effect. The students in this class were grouped into teams, with each team
researching the rebound effect of two different energy efficient technologies. In this report, the results of
the studies done by Team 4 are discussed, who studied the economy-wide rebound effect of dormitory
windows and residential furnaces.

Device 1: Dormitory Windows

For the dormitory windows, the base case was the standard dorm window found on Calvin University’s
campus with a window from the floor Second Bolt being used as the specific case (Figure E. 1). The energy
efficient window was a Marvin Glider Window quoted as 78JSZNK from The Window Center.

Figure E. 1: The Standard Dormitory Window at Calvin University

Windows were chosen to be analyzed as they are a relatively cheap option to examine when it comes to
energy savings. While the window itself does not use power, it has a profound impact on the heat leakage
of a house or in this case dorm room which can affect energy usage rates. As Calvin students, most of the
team had experience with a very hot or very cold dorm room. Since the windows are only single-pane, the
switch to a double-pane window was desired to be analyzed.

Device 2: HVAC

For the residential furnace study, the base case was chosen to be a furnace in a Grand Rapids, Michigan
duplex. The model that is in this duplex is the Lennox G12Q3E-82C-6. The research concluded that the
most efficient furnace currently on the market is the Lennox Signature SLP9SUH090XV60C furnace that
has 98.7% AFUE with an 88,000 BTU input capacity (Lennox). AFUE is the measure of how efficiently
the furnace converts its fuel to heat annually. Furnaces were chosento be studied
because furnaces directly use fuel, have opportunity for significant efficiency increases, and are relatively
expensive to replace in comparison to windows. Additionally, in the large number of colder climates,
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furnaces are invaluable. Due to this, a more efficient furnace that is used frequently may have a large impact

on rebound.

Figure E. 2: Energy Efficient Furnace (Lennox Signature SLP9SUH090XV60C) at left and Base Case

Furnace (Lennox G12Q3E-82C-6) at right

Methods

First, the embodied energy of each device was determined (Appendix E1). Next, the direct energy saved of
each device was determined (Appendix E2). Then, the cost of replacement was determined for each
component using multiple estimates which are described in Appendix C. Finally, the rebound calculations
(Appendix E3) were used to determine the economy-wide rebound for the device along with each
component of the economy-wide rebound: device-level rebound, embodied energy rebound, and the re-

spending rebound.

Results

Table E. 1: Dryers Contribution to Energy-Wide Rebound Effect

Base Case EE Case % Change
Lifetime [yr] 20 20 0
Eemp [MJ/yr] 30 49 39
Edir [MJ/yr] 5,254 1,416 73
Crepl [$/year] 66 97 32
Price of Energy [$/MJ] $0.005
€ [-] 0.0050
Y [-] 1.615
Regev [%0] 0.0
Regw [%] -22
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Table E. 2: Contribution to Energy-Wide Rebound Effect for Dorm Windows

Re [%] D[-]
Device 0.0 0.000
Embodied 0.5 -0.022
Respending -22.7 1.022
Economy Wide -22 1

Table E. 3: Residentials Furnaces Calculation Parameters

Base Case EE Case % Change
Lifetime [yr] 10 10 0
Eemp [MJ/yr] 219 290 25
Edir [MJ/y1] 109,880 83,113 24
Crepl [$/year] 378 398 5
Price of Energy [$/MJ] $0.011
e [-] 0.0027
Y [-] 0.073
Redev [%] 20.0
Regw [%0] 77

Table E. 4: Residential Furnaces Contribution to Economy-Wide Rebound Effect

Analysis

Re [%] O[]

Device 20.0 0.261

Embodied 0.3 0.003

Respending 56.5 0.736
Economy Wide 77 1

Device 1: Dormitory Windows

For windows, it was somewhat surprising that the economy-wide rebound ended up being negative,
meaning that the energy savings of the window for the price are not justified by the cost difference to the
consumer; however, it is still good for the environment. Respending made up almost all the rebound as
there was no device level rebound, and the embodied energy had minimal change. Thus, the energy savings
will not overcome the cost of replacement for the windows, meaning hyperconservation will occur for
windows.

Device 2: HVAC

For furnaces, the results were as expected. The economy wide rebound was found to be 76.8%, meaning
that replacing an old furnace with a newer more efficient furnace will result in energy savings but less than
what is expected across the economy. This is expected as with furnaces device-level rebound occurs as
well. Therefore, rebound throughout the economy is expected for the furnace and does indeed occur as a
result of both device-level rebound and respending.
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Conclusion

The team completed research on both a base case and energy efficient case for windows and
furnaces. Values for the economy-wide energy rebound of the windows and furnace were solved
by using the embodied energy, direct rebound, and re-spending effect for each unit. The economy-wide
energy rebound values seemed reasonable for both cases. The economy-wide energy rebound values give
insight on whether it makes sense to go forward with changing the base case windows and furnace to the
more energy efficient models. Replacing single-pane dormitory windows for double-pane will not be a
good personal economic decision, but more energy will be saved than originally expected. Replacing an
older furnace will have rebound; thus, less energy will be saved than expected; however, energy is still
saved without having a backfire in the economy.
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Appendix E1: Embodied Energy Calculations
Windows

For the embodied energy of the windows, the dimensions of the base case window were measured by hand.
After obtaining the dimensions, the volume of the aluminum frame with a hollow interior was calculated
along with the volume of the glass and adhesive used between the glass and frame (assumed to be silicon).
With the volumes of each component of the window, the mass was found for each component by
multiplying by the densities of each material. Finally, using the embodied energy per kilogram material list
provided by the executive team (Victoria University Wellington 2003), the embodied energy was found for
the base case window. This process was repeated with the new window, adding a quarter inch to the frame
size and the extra pane of glass along with the new adhesive.

Furnace

For the base case furnace, material weights were estimated using a case study on furnaces (Shaw 2003).
This study was done on furnaces very similar to the base case model and gave a bill of materials for an
entire furnace. The weights from this study were used as the material weights of the base furnace, aside
from the insulation weight, which was raised slightly from the study in order to be more accurate to the
furnace being studied. The embodied energy was found by multiplying the material weights by the
associated embodied energy coefficients (Appendix A3) for each material. The sum of this result gave
the embodied energy of the device.

For the new energy efficient furnace, a schematic from the manufacturer was used to determine the weights
of all the materials that were used to make the new energy efficient furnace (Lennox). The schematic
detailed the size of the cabinet which was assumed to be made of sheet-metal that is 20-gauge steel with
fiberglass insulation also assumed to be covering the inside of the cabinet at a thickness of 0.125 in. For the
heat exchanger, a patent was found with select dimensions and material. From this information, more
dimensions were estimated. The heat exchanger was listed to be made of aluminized steel, but because
aluminized steel was not in the resources for embodied energy coefficients, it was assumed to be stainless
steel. The fan size was given but the motor was assumed to be a combination of copper windings and steel
casing. This furnace features a larger circuit board to control the variable fan speed, and this board was
modeled to be a sheet of copper. Using all the different sums of the materials then multiplying these weights
by their associated embodied energy coefficients (Appendix A3), the total embodied energy for the
newer, more efficient furnace was found from those values.
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Appendix E2: Direct Energy Calculations
Windows

For finding the “energy” used by the window each year, the heat leakage was calculated across the window.
To calculate the heat leakage across the window, the following equation was used:

0 = AATR

Where A is the area of the window; AT is the temperature difference between the outside temperature and
inside temperature, and R is the R-value of the window whichis the thermal resistance to heat
transfer (Oliva 2005).

This equation only accounts for the heat flux at a specific time; thus, the average outside temperature was
found for each month in Grand Rapids (NCEI 2010). The inside temperature of the room was maintained
65°F at night and 72°F during the day. Thus, the average heat flux could be calculated for each month in
terms of Watts. To get the energy loss through the window per month then the heat flux was simply
multiplied by the time of each month in seconds. However, heat loss had to be accounted for in both the
“summer” and “winter.” Thus, when the change in temperature was positive, it was considered a cooling
cost and vice versa. The absolute value of each energy value was then taken and added together to get the
total heat leakage of the room as a result of the window.

For determining the R-values of the windows, windows are usually given a U-value which is the inverse of
the R-value in their specifications. The U-value of the energy efficient was given to be 0.29, so the inverse
of this was taken and converted to SI units to get the R-value of the energy efficient case. For the base case,
the Calvin Physical plant did not have the specifications