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Abstract 

The goal of this project was to evaluate three main proposals, by the Property Management 

Department (PMD) of St. Louis County, which the department hoped would reduce energy 

consumption at their Duluth Jail facility.  This particular facility was opened in 1995 and houses 

approximately 170 inmates.  Despite its relatively new construction, the building produces some of 

the highest utility bills of all of the County’s buildings. 

The proposals put forth by the PMD were the following: to reduce natural gas consumption by using 

solar water heating for the domestic hot water; to reduce heating and cooling costs by enclosing a 

light well which is currently open to the sky with a transparent, insulated roof; and to utilize a white 

roof to reduce cooling demand during the summertime. 

The solar water heating proposal was evaluated by determining the energy the solar system could 

provide annually and comparing these energy- and monetary savings to the cost of the system.  Two 

solar options were evaluated; one system with 20 collectors and another with 50.  Both systems also 

included condensing boilers to provide supplementary heating during times of low solar output.  The 

annual savings of the 20- and 50 collector systems were 128 and 173 MWh, respectively.  This led to 

a payback period of approximately 17 years for the 20 collector system and 16 years for the 50 

collector system.   

Enclosing the open light well, which is an open area inside the perimeter of the building which is 

designed to give rooms on the inside of the building natural daylight, was evaluated by performing 

an energy flow analysis comparing the existing condition with one in which a roof topped the well.  

This involved calculating the U-values of the walls before the skyroof and then using heating and 

cooling degree days to determine the heat flows through the walls.  The enclosed light well was 

evaluated by performing an energy balance on the well to determine the temperature of the 

enclosed well.  This temperature could then be used to calculate the heat flow through the enclosed 

light well’s walls.  The difference in these heat flows between the two options was then converted 

to an economic cost to evaluate a payback period.  Two grades of Kalwall-brand insulation were 

evaluated; the “Nanogel” grade and a mid-range grade. The Nanogel-enclosed light well reduced the 

heating demand by 16 MWh but increased the cooling load by 9 MWh, while the mid-grade 

enclosed well decreased the heating load by 11 MWh but increased the cooling load by 4 MWh.   

These added up to net annual savings of $650 for the Nanogel roof and $470 for the mid-grade 

skyroof.  However, the investment costs were so high that the payback periods were between 450 

and 550 years. 

Two white roofing options were considered and corresponded to a newly installed roof and one that 

had weathered for 3 years, thereby reducing its reflectivity.  These options were evaluated by 

determining the mean monthly roof temperatures throughout a typical year and calculating the 

heat flows through the roofs based on these temperatures.  The temperatures were determined by 

performing a heat balance on the roofs’ surfaces and considering the solar radiation incident on the 

roofs.  The heat flows with the existing black colored roof and the proposed white roofs were then 



 

 

 

 

compared and converted into heating and cooling costs.  The white roofs led to summertime air-

conditioning savings but created more wintertime heat losses and therefore caused net annual 

energy cost increases of $560 and $240 for the new and weathered roofs, respectively. 

The recommendations therefore were to implement the solar thermal system but not the other two 

proposals.  Other areas which might benefit from additional investigations include lighting efficiency 

improvements, water use reductions, and replacement of the existing boilers with either more 

efficient natural gas units or wood-pellet/biomass boilers. 

 

  



 

Nomenclature 
 

Note:  Units are presented here primarily in the SI or metric systems as work in this paper was carried 

out primarily using these unit systems.  The representative variable letters are shown in the general 

form – different subscripts appear throughout this paper to describe different variations of each 

variable. 

 

A   area [m2] 

CCF  cubic feet of natural gas [ft3] (= 29.31 kWh) 

CDD  cooling degree days [°C x days] 

CDH  cooling degree hours [°C x hours] 

COP   coefficient of performance [-]  

Cp  specific heat capacity [J/(kg °C]  

d  thickness of material [m] 

E   energy (general form) [kWh]  

EER  energy efficiency ratio [-] 

h  heat transfer coefficient [W/(m2 °C)] 

H  height of roof or wall surface [m] 

HDD   heating degree days [°C x days] 

HDH  heating degree hours [°C x hours] 

I  solar radiation [W/m2]  

K  thermal conductivity of a material [W/(m °C) 

L  length of roof or wall surface [m] 

n  air changes per hour [1/h] 

Q  heat energy [kWh] 

    heat energy rate (power) [W] 

r  reflectance of solar energy [-] 



 

 

 

 

R  resistance to heat transmission [(m2 °C)/W] 

SHGC  solar heat gain coefficient [-] 

T  temperature [°C]  

U  overall heat transfer coefficient [W/(m2  °C)] 

V   volume [m3] 

W  width of roof or wall surface [m] 

η  efficiency of a device[-]  

ρ   density [kg/m3] 

σ  Stefan-Boltzmann constant [5.67x10-8 W/(m2 K4)] 

ε  emissivity [-] 

 

 

Acronyms 

 
ACH  Air Changes per Hour 

AFUE  Annual Fuel Utilization Efficiency 

AOI  Angle of Incidence  

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers 

CCF  100 Cubic Feet (natural gas) 

CDD   Cooling Degree Days 

COP  Coefficient of Performance 

CRRC  Cool Roof Rating Council  

EECBG  Energy Efficiency and Conservation Block Grant (program) 

EER  Energy Efficiency Ratio 



 

EPA  Environmental Protection Agency 

FPSC  Flat Plate Solar Collector 

HDD   Heating Degree Days 

HVAC  Heating, Ventilation, and Air Conditioning 

LBL  Lawrence Berkeley National Laboratory 

LWT  Low Water Temperature 

MNP  Minnesota Power (utility provider) 

NOAA   National Oceanic & Atmospheric Administration  

NG  Natural Gas 

PMD   Property Management Department (St. Louis County) 

PGA  Purchased Gas Adjustment 

PVC  Poly Vinyl Chloride 

SEC   State Energy Conservation (program) 

SHGC   Solar Heat Gain Coefficient  

SI  System International (metric units) 

SLC  Saint Louis County 

SRI  Solar Reflectance Index 

SSE  Steady State Efficiency 

TMY   Typical Meteorological Year 

TPO   Thermoplastic Polyolefin 

VAV  Variable Air Volume  
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1. Introduction 

 
In the United States, buildings currently account for around 40% of the total energy consumed [1]. 

In addition, they use 74% of the electricity consumed in the US; electricity which is mainly produced 

by fossil fuels – predominantly, coal.  This electricity use, as well as burning fossil fuels for space 

heat, holds buildings responsible for approximately 40% of the U.S.’ CO2 emissions [1].    

The government, both at state and federal levels, owns a great deal of buildings and therefore has a 

large impact on the energy use in the country.  In fact, the federal government is the single largest 

energy user in the US [2].  Because of this, they also have the potential for large cost and energy 

savings. 

In the past few years, a number of executive orders and policy acts have been introduced to help 

stimulate the movement of government buildings to be more sustainable.  A few notable examples 

include, as reported by the Government Accountability Office in its 2009 report on federal energy 

management [2]: 

 The Energy Policy Act of 2005 (EPAct 2005), which set energy reduction and efficiency 

requirements for federal facilities. 

 

 The Federal Leadership in High-Performance and Sustainable Buildings Memorandum of 

Understanding (MOU), signed by a number of federal agencies in 2006, established guiding 

principles and goals to improve energy efficiency and water conservation in federal 

buildings. 

 

 Energy Independence and Security Act (EISA) of 2007 was enacted to, among other things, 

make federal buildings more energy efficient and reduce energy and water consumption. 

 

 Executive Order 13423—Strengthening Federal Environmental, Energy, and Transportation 

Management, issued in January 2007, directs that all new construction and major 

renovations in agency buildings comply with the guiding principles established in the 2006 

MOU, as described above.  Additionally, the executive order increased energy intensity 

reduction goals and sustainable building measures, such as decreasing water usage. 

 

 Executive Order 13514—Federal Leadership in Environmental, Energy, and Economic 

Performance, issued in October 2009, directs agencies to establish reduction targets for 

certain greenhouse gas emissions.  

Also significant was the February 2009 passing of the American Reinvestment and Recovery Act 

(ARRA), which supplied $787 billion of funding to be used to stimulate the US economy.  Of this 
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money, $3.2 billion went to the Energy Efficiency and Conservation Block Grant program (EECBG), 

and a further $3.1 billion went to state energy conservation (SEC) programs.  Both of these 

allotments are intended support local government initiatives to reduce fossil fuel use and CO2 

emissions, and generally become more efficient in their energy use. 

On the state level, and looking at Minnesota in particular, the total money supplied by the EECBG 

and the SEC programs is $10.6 million and $54.2 million, respectively [3].  The SEC program funds 

are distributed on a competitive grant system, where the applying entities submit their proposals for 

uses of the money and quantify the expected energy and annual cost savings, among other points. 

With these programs in mind, counties and cities across the state have begun assessing potential 

projects for which they could apply for money. 

 

1.1 Project Background 
St. Louis County is a county located in the northeast of the state of Minnesota.  By land area (17,700 

km2), it is the largest county in the state and is home to 197,800 people [4].  On the southern edge it 

borders Lake Superior and has the world’s furthest inland seaport (Duluth), while in the north it 

includes portions of the Iron Range, an important domestic and international source of iron ore for 

steel production.  

  
Figure 1: Location of Minnesota, St. Louis County, Duluth, and the Jail; image based on [5] 

 

In 1995, the County replaced its old Duluth jail (built in 1924) with a new and up-to-date facility.  

However, despite the relatively recent construction of this new jail, the facility has some of the 

highest utility bills of all of the County’s buildings.  Because of this, the Property Management 

Department (PMD) of the County has made it a priority to see what system upgrades are possible 

which may lower the utility bills and reduce the facility’s CO2 emissions. 
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The PMD identified a few areas which it wanted to investigate before applying for funding through 

the County Board of Commissioners, who review the budgets of the various County departments.   

These potential improvements included the addition of solar thermal water heating, using a white 

roof to reduce summertime cooling loads, and installing a transparent roof over an inner light well.  

In addition, the PMD was interested in any other energy saving ideas which might provide solid 

economic and environmental benefits.  These improvements would also be potential projects to use 

in an application for the EECBG and the SEC programs mentioned earlier. 

The goal of this report was to evaluate the proposals for energy savings by the County in order to 

determine whether the net benefits and payback periods were acceptable, and to identify any other 

improvements which they had not considered.  Depending on the results, the County would be able 

to prioritize its upgrades at this facility by payback period or CO2 emission reductions.     

 

1.2 About the Facility 
The Jail building investigated in this paper opened in 1995 and is located in Duluth, the county seat 

of St. Louis County.  The facility has a total gross floor area of 7815 m2 (84,115 ft2) over two levels, 

and the inmate holding area is designed in a pod concept, with several pods radiating out around a 

central area.   

 

 

Figure 2: Jail Layout 

The jail has a maximum capacity of approximately 197 inmates and has a staff of 65 correctional 

officers and 9 maintenance workers.  The Department of Corrections in Minnesota recommends the 
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Jail operate at 85% of capacity, which amounts to approximately 168 inmates.  The Jail has been at 

its operating capacity limit for the last 5 to 6 years [6] , and there is the possibility to add an 

additional inmate pod to the building (see “Future Add-on” in Figure 2).  This extra pod was included 

in the original design of the building but has not yet been constructed. 

Because the inmates are kept inside the facility at all times, there is no razor wire or large fences 

around the perimeter.  The inmates, by law, have access to natural daylight in every cell. 

Due to its use, the facility has a very steady occupant load and therefore its utility consumption 

patterns are fairly consistent when weather is taken into account.  The jail is like a small city, with its 

own laundry facility, kitchen and cafeteria, exercise and counseling areas, and administrative offices. 

 

The facility relies on three main utilities to operate: natural gas, for the heating system and cooking 

appliances; electricity, for lights, appliances, ventilation and air conditioning; and water, for drinking, 

sanitary uses, and for use in some mechanical systems. 

The natural gas is supplied to the Jail through two metered lines; the first supplies the heating 

system’s boilers, and the second runs to the kitchen area to supply the fryers, griddles, and ovens.  

This natural gas is purchased from the City of Duluth through its utility, which is named Comfort 

Systems.  The gas bill is composed of a fixed connection charge and a charge for the amount of gas 

used, which is measured in hundred cubic feet (CCF). 1  More information of this can be found in 

Appendix C. 

Similarly, the water is also purchased through Comfort Systems, as well as the sanitary sewer (waste 

water) services.  The incoming water is metered by the utility and the sanitary sewer charges are 

directly proportional to the amount of incoming water.  This is another way of saying that there is 

no meter on the wastewater from the Jail.  The bill consists of a fixed, monthly connection charge 

and a fee based on the amount of water received. 

The electricity the Jail purchases is supplied by the local private utility, Minnesota Power.  The Jail 

uses several voltages as it has both commercial size appliances (460 V, 3 phase) as well as the typical 

consumer size electrical outlets (120 V, single phase).  The monthly electricity charges are based on 

a fixed connection charge, a demand charge (kW), and an energy charge (kWh).  More details can be 

seen in Appendix B. 

                                                           

1
 (1) CCF of natural gas has a nominal energy content of 100,000 BTU or 29.31 kWh.  The notation therm is 

often used to refer to the energy in (1) CCF of natural gas. 
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An additional electrical power source, consisting of a 700kW diesel generator, can provide up to 6 

days of emergency power.  This unit is only used during electrical outages from the utility source. 

The ventilation system is a forced air system with air terminal units in most rooms.  The air terminal 

units are supplied hot and/or cold water to manipulate the air temperature, and are controlled by 

thermostats in the applicable rooms.  Hot water is supplied by natural gas burning boilers (see 

section 1.4.1.1 and Appendix E), while the cooling is provided by an electrically driven chiller 

(Appendix D).  The temperature control for the cell (inmate) area is remotely located to allow the 

Jail’s staff to adjust this from a secure area.  The ventilation is a variable air volume (VAV) system; 

however, the system in the cell area is run at a constant rate.  The correctional officers requested 

that this area not have lower ventilation rates in the evenings (as other parts of the building do) due 

to issues related to inmate hygiene and excessive odors. 

  

1.3 Purpose 
The Property Management Department had a few energy saving ideas which it wanted to be 

evaluated at the initiation of this project.  The goal of this report is to evaluate these ideas and 

determine their annual energy and cost savings, return on investment (payback period), and CO2 

savings.  These properties will allow the PMD to more easily compare their options and prioritize the 

projects which suit their goals the most.  It will also give them data to present to the County Board 

of Commissioners, who administer the PMD’s budget, when they request funds for these projects. 

 

1.4 Limitations 
Because the Jail is a large building with many opportunities for improvements, some boundaries on 

the scope of this project needed to be applied.  Only three proposals are being reported in this 

study, due to time constraints.  The breadth of these three proposals and the time frame of this 

project required some simplifications of the systems to be made in order to be expedient.   These 

simplifications are described in the Process section of the report, or in the respective calculation 

appendices. 

One thing that is important to note is that the calculations in this paper were based on steady-state 

models; i.e. no special programs or methods were used to simulate a dynamic simulation.  This 

makes for less accurate results than dynamically modeled scenarios, but allows for easier hand 

calculations.  Nevertheless, the results should still provide an accurate representation of the 

benefits and drawbacks of each proposal. 

The energy saving proposals which were studied are discussed below. 
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1.5 Proposals 

1.5.1 Water Heating  

The County is interested in supplementing or replacing the current boilers in order to save on utility 

costs.  A solar-thermal hot water system has been proposed as one way of reducing the natural gas 

costs associated with the current system, in combination with using smaller, condensing-style 

boilers.  

 

 1.5.1.1 Existing Conditions 

The jail currently uses two Kewaunee-brand natural gas fired boilers to provide domestic hot water 

and supply heat to the building.  These boilers are non-condensing models which heat a 

water/glycol solution to 190° F (88° C).  This solution then passes through two heat exchangers: the 

first heat exchanger heats water to 160° F (71° C) and is used to supply the laundry and kitchen’s hot 

water; the second heat exchanger heats water to 120° F (49° C), which is then used for domestic hot 

water in the lavatories, showers, and other general purpose areas.  In addition, the water/glycol 

solution is also pumped throughout the building to fulfill space heating requirements.  According to 

the manufacturer, the boilers have a steady state efficiency2 of 80%.  The boilers each have a 

maximum output of 1.65 MW (5650 MBH3), for a combined total output of 3.3 MW (11,300 MBH).  

The boiler water is pressurized to 30 psi (2.1 bar). 

 

 1.5.1.2 Proposed System 

The proposed system consists of two solar thermal water loops, with the first serving the hot tap 

water needs of 600 gallons (2271 L) per day, and the second serving the showers and lavatory hot 

water needs of 1500 gallons (5678 L) per day.  The solar system is sized to provide nearly 100% of 

the needed water heating energy during the summer months, which means that it is undersized 

during the colder months.  To make up this difference, modern condensing-style natural gas fueled 

water heaters (Viessmann brand; 95.2% efficiency) are added to supplement the solar contribution.  

The solar loops also include a number of water storage tanks for preheating and holding the 

warmed water.  The Kewaunee boilers will be retained to serve the space heating needs. 

 

                                                           

2
 Steady state efficiency is defined as the amount of heat exported to the transfer fluid (in this case, the water-

glycol mix) divided by the energy content of the input fuel (natural gas) [10] 

3
 MBH = 1000 BTU/hr 
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1.5.2 Enclosing the Open Light Well 

The Jail has an inner light well which provides natural daylight for the inmates who reside in cells on 

the inner perimeter of the facility.  The County is interested in whether any energy savings can be 

realized by installing a skylight over the light well which encloses the area but still allows daylight to 

pass through. 

 

1.5.2.1 Existing Conditions 

The existing light well has 6 walls of various sizes (see Figure 4).  Each wall has its own combination 

of doors, windows, and solid wall.  The well is currently open to the sky above, and no inmates are 

allowed in the light well.   

 

Figure 3: Location of open light well 
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Figure 4: Light well layout and dimensions 

The heat lost due to transmission currently goes through the walls, windows, and doors which 

border the light well.   

 

1.5.2.2 Proposed System 

The County has proposed installing a Kalwall brand skylight system, which is made of an aluminum 

support structure with fiberglass and resin sandwich panels.  The panels are translucent to let in 

light, but also offer a good thermal barrier to keep energy losses low.   

The two types of Kalwall analyzed in this report are the “Nanogel” level, which has a U-value of .28 

W/(m2 K), and a mid-grade offering which has a U-value of 1.31 W/(m2 K), which will be referred to 

as the “medium grade” from here onward.  Both types compared had crystal exterior and white 

interior faces, with light transmission of 17% and 20% for the Nanogel and medium grade, 

respectively.  The Nanogel type has a solar heat gain coefficient (SHGC) of .25, while the medium 

grade SHCG is .28. 

The idea behind this proposal is that, by enclosing the light well, heat loss through the 6 walls 

bordering the well will decrease, providing cost savings by way of a reduction in natural gas (or 

electricity, for cooling) used. 

As will be mentioned in more detail later, the airflow through the light well area has a large impact 

on the energy gains or losses associated with the space.  Since the PMD did not have a ventilation 
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plan for the enclosed light well, some ventilation options and their results will be presented.  The 

main analysis will be for a non-ventilated space with some residual “leakiness” providing minimal air 

circulation. 

 

 

1.5.3 Install a White Roof 

Another energy saving proposal put forth by the PMD is to replace or resurface the existing black 

rubber roof with a so-called white or cool roof. 

The goal of the white roof is to reduce the energy use and/or of the costs of maintaining the 

building’s indoor temperature.  The primary method for this is to reduce the amount of solar 

radiation energy which is absorbed by the roof and, in turn, passes through the roof and requires 

cooling.  It is obvious that a white roof will increase heating needs to some degree, so the question 

is whether this increased heating will be offset by the lower cooling demand in the summer. 

 

1.5.3.1 Existing Conditions 

The roof of the Jail is currently a typical flat, black EPDM (rubber) roof, with a surface area of 

approximately 5,429 m2 (58,432 ft2).  This surface area does not take into account the reduction in 

roof surface exposed to sunlight if the solar collectors from Proposal 1 are considered – each 

proposal will be considered separately.  

The U value of the roof is 0.15 W/(m2 K) (see Appendix H.2) .  The roof is original and therefore is 

around 15 years old. 

 

1.5.3.2 Proposed System 

The proposal is to resurface the existing black rubber roof with a white material with better solar 

reflection.  For comparison purposes, both the initial roofing properties and weathered, 3 year old 

roofing properties were used.  The 3 year old roofing properties simulate the roof’s change in 

reflectivity and emittance after being exposed to the elements for 3 years. 
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2. Theory 

2.1 Water Heating 
There are two main concepts for the energy savings in this proposal.  The first is the offsetting of 

natural gas usage by the solar energy absorbed by the solar thermal system.  The second concept 

regards the use of the more efficient condensing boilers to reduce the use of the current non-

condensing boilers.  The theory behind these savings is presented now. 

 

2.1.1 Solar Water Heating- Technology 

The system proposed at the Jail is an active, indirect, anti-freeze loop using an array of flat plate 

solar collectors mounted on the roof of the facility.  Flat plate solar collectors (FPSC) consist of an 

enclosure with a glass or plastic outer glazing, a black absorber surface with insulation behind it, and 

tubes or passages for the heat transfer medium to flow through.  The enclosures are water tight and 

the absorber surface has a special coating which maximizes the amount of solar energy retained by 

the collector.   

 

Figure 5: Sectioned view of a flat plate solar collector; source: [7] 

An active system is defined by the use of pumps to move the heat transfer fluid through the solar 

loop.  The alternative to an active system is, unsurprisingly, called a passive system, and these 

systems rely on hot water naturally rising and displacing colder water in the storage tank.  This 

natural cycling maintains warm water in the storage tanks, which are located above the collector 

itself, and do not require any control system. 
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While active systems are more expensive and complicated than passive systems, they are better 

suited to colder climates as the warm water is typically stored indoors, and therefore loses less 

energy to the surroundings as the temperature difference which drives heat transfer is lower. 

The term indirect refers to a solar loop which uses a heat exchanger to move the heat contained in 

the heat transfer fluid to the potable water which will be used in the building.  In an indirect system, 

the heat transfer fluid is typically a propylene-glycol solution, which is non-toxic and also has good 

anti-freezing and anti-corrosion properties.  Direct systems, which use potable water in the 

collectors, are more efficient than indirect systems as they do not have the losses associated with 

the heat exchanger.  However, they are also more prone to problems in colder regions where 

freezing is a concern during low demand times, and for that reason, they were not considered for 

the Jail application. 

Figure 6 shows a typical loop configuration for the system to be used at the Jail.  To imagine the 

system operation, start at the cold water input in the upper right corner.  This cold water first goes 

to the solar preheat tank, which contains water heated with energy from the solar collectors.  The 

cold water goes to the bottom of the tank where, assuming it is colder than the fluid in the 

collectors, it is then pumped to receive heat from the collector loop’s fluid at the heat exchanger.  

When a hot water flow is requested (a shower, for instance), water from the solar preheat tank is 

used to supply this demand.  If the temperature in the preheat tank is not high enough, it can be 

further heated by the auxiliary tank, which is heated using another energy source such as a natural 

gas water heater. 

 

 

Figure 6:  An active, indirect solar water heating loop using flat plate collectors; source [7]  
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Even if the solar-heated water cannot directly supply the temperature of water demanded at the 

tap, it is able to offset some of the energy demanded to heat the water from the intake 

temperature.   

 

2.1.2 Solar Water Heating- Physics 

The amount of energy that a solar water heating loop can supply is based on a number of factors, 

each having an impact on the cost effectiveness of the system. 

Naturally, the source for the energy comes is the sun, and the amount of solar radiation at the 

location of the solar collectors is very important.  Therefore, all other things equal, projects which 

are located closer to the equator are able to obtain more solar energy for a given collector area.  

Figure 7 shows the average annual solar radiation across the continental United States when the 

collectors are facing south at an angle equivalent to the site’s location, in degrees. 

   

Figure 7: Solar resource for the continental United States; source: [8] 

As Figure 7 alludes, the angle at which the solar collectors are struck by the sun’s rays also plays a 

role in the system design.  This angle is referred to the as the angle of incidence (AOI).  A low AOI 

results in more of the sun’s energy being transmitted to a collector than if it was orientated to give a 

higher AOI.  An angle of incidence of zero would mean that the sun’s rays are striking perpendicular 

to a surface, which would give the maximum amount of energy to the surface. 

A flat mounted collector (parallel to the ground) will receive a large amount of summer radiation at 

the expense of winter radiation, while the opposite is true for a collector mounted perpendicular to 
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the ground.   This can be graphically seen in Figure 8, which shows two collector orientations during 

the month of June across the continental United States. 

 

Figure 8: Comparison of collector orientations during the month of June; source: [8] 

The map on the left side of Figure 8 shows the average daily solar radiation, in June, for a 

horizontally fixed collector (mounted parallel to the ground), while the right map corresponds to a 

vertically mounted collector, which means perpendicular to the ground 4.  Note the higher 

irradiation of the horizontally mounted surface. 

 

Figure 9: Comparison of collector orientations during the month of December; source: [8] 

Figure 9 shows the same two orientations in December.  Here it can be seen that the vertically 

mounted surface receives more irradiation than the horizontally mounted one. 

                                                           

4
 These figures are derived from experimental data collected by NREL and listed in their National Solar 

Radiation Data Base.  The reflected and diffuse radiation components of the total radiation on the collectors’ 

surfaces were calculated based on the measured direct beam radiation.  More information can be found at 

[27] in the User’s Manual PDF. 
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Since solar thermal systems are typically fixed in one position, and are not seasonally adjusted, a 

compromise angle must be used.  Typically, a tilt toward the equator equivalent to the site’s latitude 

is used and serves as a good compromise between winter and summer performance.  At the site of 

the Jail, the latitude is 46.5° north, which means the collectors would be facing the southern sky at 

an angle of 46.5° to the ground. 

It should be said that the weather of the site also plays an important role in the solar system’s 

performance.  Naturally, areas which are often cloudy receive less irradiation than areas which are 

typically sunnier. 

Another aspect which affects the performance of a solar hot water system is the temperature 

difference between the outside air and the fluid temperature.  Because the temperature of the heat 

transfer fluid is typically warmer than the ambient air, energy can be lost from the collector in 

accordance with the equation: 

                       

Where Q is the heat flow in Watts, U is the heat transfer coefficient of the whole collector (W/m2 

°C), A is the area (m2) of the exposed surfaces of the collector, and ΔT is the temperature difference 

(°C or K) between the collector and the surrounding air.  This heat loss is combated with the 

insulation on the back and sides of the solar collectors (see Figure 5.) 

Finally, the properties of the glazing and absorber plate control the amount of solar radiation which 

is absorbed and retained by the collector.  The glazing is constructed to maximize the solar 

transmittance, or the amount of sunlight which passes through it.  On the other hand, they are also 

sometimes coated with special chemicals that reduce the amount of heat re-radiated outward from 

inside the collector back to the atmosphere.  This is referred to as a low-E coating, where E stands 

for emissivity.  Multiple layers of glazing are also possible, in an effort to reduce conductive and 

convective losses, but this also reduces the amount of the solar radiation going through the glazing. 

The absorber plate of the collector is coated with special paints or chemicals to maximize the 

absorbtivity of the plate.  This is a measure of how un-reflective the plate is – the less reflective it is, 

the more of the sun’s energy stays in the collector to heat the fluid. 

  

 

2.1.3 Natural Gas Boilers- Technology 

As mentioned earlier, the existing boilers in the Jail run on natural gas and are non-condensing (or 

“conventional”) models.  These boilers are run in a lead-lag configuration, where the primary boiler 

runs alone until it cannot meet the heating demand, upon which the second boiler fires to provide 
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additional heating.  The designation of the primary boiler can switch in order to keep wear on the 

boilers similar [9]. 

Conventional boilers typically operate with total efficiency percentages from the mid 70s to mid 80s, 

depending on the age of the boiler, the operating environment, and how well they have been 

maintained [10].  This efficiency is a representation of the usable output heat to the energy content 

of the fuel. 

 

2.1.4 Natural Gas Boilers- Physics 

Gas boilers work by combusting the fuel with air and using the resulting heat to warm water, or 

another heat transfer fluid.  In the case of the Jail, the heat transfer fluid is mixture of 40% 

propylene glycol with 60% water (by volume). 

Outside air is ducted into the boiler where it is run through the burner and combined with the fuel 

and ignited.  The ratio of air to fuel is an important component in the efficiency of a boiler and is 

therefore closely monitored.  In order to ensure that the fuel is fully combusted, there must be 

enough air available to supply the needed oxygen for the combustion reaction.  In older boilers, 

such as the ones at the Jail, the control technology was not available to precisely meter out the 

exact amount of air, and therefore a higher level of air than necessary is allowed into the burner.  

This air is referred to as excess air and is used as a strategy to make sure enough oxygen is always 

available. 

The problem with this strategy from an energy standpoint is that any excess air that flows through 

the burner also absorbs some of the heat released by the fuel, and it takes this heated air up the 

flue, or exhaust, to the atmosphere.  For this reason it is important that the excess air ratio be kept 

at a safe minimum to reduce heat losses while still ensuring complete combustion of the fuel.  An 

excess air ratio of 15% is considered safe and satisfactory level for most natural gas burners [11].  

Another important point in how boilers operate regards the way they respond to a load and 

regulate the amount of fuel they burn.  Each boiler model has its own system, but in general the 

main systems either use a modulating burner or fixed set points. 

Fixed fire-rate systems have a limited number of firing rates at which they can operate, for example: 

33%, 66%, and 100% of rated max output. 

Modulating systems allow for infinite adjustability between max-fire (100% output) and the 

minimum load.  This allows the boiler to match the heat demand by regulating the amount of fuel 

and air going into the burner.  The benefit of this style over the fixed position burners is that the 

boiler does not need to stop and start to meet intermediate loads, and thereby reduces its standby 

time and associated losses [10]. 
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The boilers installed at the Jail are of the “firebox” type (better known as firetube style), which 

means that the combustion gases from the burner flow through the boiler in a series of small tubes 

surrounded by the heat transfer fluid.  The tubes usually make multiple passes through the boiler to 

allow as much heat transfer from the gases to the fluid as possible.  Figure 10 shows a cross section 

of a firebox boiler with 3 passes.  After the hot combustion gases exit the boiler they are vented to 

the atmosphere, carrying some of the fuel’s energy content out of the building.   

 

Figure 10: Cross section of a firebox (firetube) boiler; source: Hurst Boiler and Welding Company 

These losses that go up the flue account for one portion of the losses of a boiler.  In addition, there 

are radiation and convection losses from the boiler to the room.  Figure 11 shows the different 

losses, and their typical values, in a diagram form for a conventional boiler. 

 

 

Figure 11:  Heat flow diagram for conventional boiler; source: [12] 

The Jail’s boiler burners have full modulation, with 3 settings for their supply air dampers [9]. 



17 

 

 

2.2 Enclosing the Open Light Well 
The second proposal aims to reduce energy flows through the walls of the light well by adding a 

“skyroof” to enclose the well.  This idea works on the idea of adding insulation to reduce heat losses. 

2.2.1 Theory 

The resistance of a building construction to heat loss is encompassed by a value called the overall 

heat transfer coefficient, represented by the letter U.  The units for U are  
 

     
  in the SI system, or 

 
      

      
  in the English system.  It is helpful to consider the units in order to better understand the 

meaning of this value: the U value is a measure of the rate of energy transfer through a surface 

based on the area of the surface and the temperature difference on each side of the surface.  

Therefore, with larger areas and/or larger temperature differences, the rate of heat transfer 

through the surface will increase. 

Knowing this relationship, it can be seen that with higher U values, more heat will flow through a 

wall, which for most buildings is not desirable.  The aim, then, is to reduce the overall U value of a 

building in order to save cooling and heating energy. 

U values are calculated numbers which depend on the resistivity of the building’s shell to heat flow.  

This resistivity is itself composed of the sum of the resistances, R, of the various layers which 

comprise the shell.  The units of R are the inverse of U:  
     

 
  or 

      

      
 .   

A good analogy to understand the concept of the resistances and how they affect a building’s heat 

loss is to imagine wearing multiple layers of clothes.  Each layer has an R value, and by adding 

additional layers, the total R value of one’s “shell” of clothing increases.  Some clothing may have 

higher values of R than others – for instance, a wool coat holds heat in better than a cotton t-shirt.  

The same is true of different building materials and insulations – gypsum wall board and foam 

insulation have different R values, each of which depends on the thickness of the layer. 

In addition to the U-value, the Solar Heat Gain Coefficient (SHGC) also plays an important role in the 

energy balance of an enclosed area.  The SHGC is a measure of the solar energy which is absorbed 

by a surface and then transmitted to the other side of the material.  The SHGC is a unit-less number 

between 0 and 1, referring to the fraction of incident solar energy which is passed to the interior of 

the space as heat.  This factor is important for the light well because without a proper ventilation 

system, the temperature in the light well can increase over the outdoor (ambient) temperature.  

This is a beneficial effect during the heating season, but not desirable during the summer. 
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2.2.2 Kalwall – Technology 

Kalwall is a company which manufactures a proprietary fiberglass-reinforced panel system which 

allows light to pass through while being rigid and insulating enough to be used as wall and roofing 

material.  The solar transmittance ranges from 12% to 50% of visible light depending on the specific 

color and insulation specification.  This allows architects to use the product to allow more daylight 

into interiors of buildings without worrying about glare. 

 

Figure 12 - A Kalwall Skyroof installation; source [13] 

The Kalwall panels are formed of fiberglass sandwich panels which are then bonded to structural 

aluminum frames or superstructures for installation.  

The specific U-values, solar heat gain coefficients, and light transmission percentages for the two 

grades of Kalwall used in this paper have been presented in section 1.5.2.2. 

 

2.2.3 Literature Review 

During the course of this project, a literature search was conducted to see if any similar research or 

calculations had been performed for similar conditions. 
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In the case of the light well proposal, there have been some Japanese papers [14] [15] on light wells, 

though these were studying high rise apartment buildings where the light well is used for 

ventilation.  Another paper [16] studied the effect of light wells in the design of a naturally 

ventilated multi-story library in the UK.  However, none of these papers directly apply to the 

situation at the Jail, where the inmates are not exposed to the light well’s air and the light well 

serves no ventilation purposes.  Additionally, none of the papers surveyed had any application for 

the enclosing of the light well, as is proposed at the Jail. 

Finally, while there are numerous papers regarding courtyards, the courtyard definition usually 

applies to open central spaces where vegetation, trees, pools, or fountains are used to naturally 

manipulate the climatic conditions of the space.  They also typically have air passages open to the 

outdoors on the ground floor of the building.  The Jail’s light well does not fit this definition and 

therefore it is hard to compare it to studies of courtyards. 

 

 

2.3 Installing a White Roof 

2.3.1 Theory 

When the sun’s rays strike a surface, a fraction of their energy is absorbed by the surface and the 

remainder is reflected.  Typically, darker materials absorb a larger amount of this solar energy than 

do lighter colored surfaces (see Figure 13).  This property is referred to as the solar absorbtivity, and 

the reflected portion is the solar reflectance (also known as albedo).   Both can range from values of 

0 to 1, and they will always add up to one.   
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Figure 13: Solar properties of different materials (source: Florida Solar Energy Center) 

In addition to the reflectance/absorbtivity properties of a material, their emittance of radiation 

(emissivity) is also an important consideration when thinking in an energy balance viewpoint.  This 

property refers to how much heat energy the material will emit back to the atmosphere.  Figure 13 

shows these interactions in a visual format for a number of different materials. 

Both absorbtivity/reflectance and emissivity are rated in comparison to what is known as a black 

body, which has an absorbtivity and emissivity of 1. 

The Solar Reflectance Index (SRI) is a number that encompasses both the absorbtivity and emittance 

of a material, and is an index of how well the material rejects solar heat.  It is a relative index with 

the low end (a score of 0) being defined by the temperature rise created by a typical black surface 

with reflectance of .05 and emittance of .90, and the high end (a score of 100) by a white surface 

with reflectance of .8 and emittance of .90.   

When the temperature rise of a given material is known or calculated, the SRI score of that material 

can be interpolated between the maximum temperature rise of the black surface (50°C) and white 

surface (8.1°C) [17]. 
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Knowing how these properties work, one can see the possibility of using certain materials to take 

advantage of the sun’s energy.  For instance, in the winter time, when solar heating is desirable, a 

material with high absorbtivity and low emissivity would be optimal.  On the other hand, in the 

summer the opposite would be true – a low absorbtivity and high emittance would be best.  

Naturally, changing one’s roof every few months to suit the season is impractical with the products 

available today, so some sort of compromise must be reached. 

To determine the best solution, a few things must be considered: what are the typical weather (and 

therefore heating and cooling demands) at the site; what energy sources are used to meet these 

demands; and, how much do these energy sources cost? 

At the Jail site, the heating demand is much larger than the cooling demand, so it might at first 

appear to make more sense to select a surface which is best for the wintertime.  However, when 

one considers that the solar radiation is quite low in the wintertime and very high during the 

summer (see Figure 8; Figure 9); a summer-conditions roof may not seem such a silly idea.  Also, in 

Duluth, there is snow on the ground for nearly 141 days in an average year5, so a high absorbance 

roof won’t be of much help during that period as it will be covered by snow. 

Finally, the cooling at the Jail is accomplished by using electrically powered chillers, while the 

heating is done with natural gas.  Economically speaking, the natural gas is a cheaper form of energy 

than is electricity (by the kWh), and but the coefficient of performance of the chillers can help them 

leverage the electricity they use. 

 

2.3.2 Technology 

White roofs are nothing new, as anyone who has visited Greece or Egypt might tell you.  In fact, in 

the early 20th century, they were quite popular in the southern United States for the very reasons 

outlined in the previous section.  It was only with the low cost availability of air conditioning that the 

movement away from white or “cool” roofs began. 

Today cool roofing materials are available in many styles and their technical specifications (such as 

SRI) are listed by the Cool Roof Rating Council (CRRC), an independent, non-profit organization 

which tests and labels roofing materials submitted by the manufacturers. 

There are two main types of single ply membranes, which were the type of roofing material selected 

for the roof of the Jail.  The first is polyvinylchloride, or PVC, and the second is thermoplastic 

polyolefin, or TPO.  These single ply systems are installed on a roof and either mechanically fastened 

to the roof deck or adhered to the exterior insulation or existing roofing membrane.  The sheeting 

roles are then thermally bonded (heat welded) to seal the seams. 

                                                           

5
 number of days with snow depth of at least 1” (2.5cm); source: [34] 
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The prices of cool roofs are typically very similar or slightly more expensive than that of dark roofs, 

as the color of the pigments is a fairly small cost in the overall manufacturing process. 

Also related to the low temperature rise of cool roofing materials is a reduction in thermal shock 

loads, which can lead to an extended life span when compared to dark roofs.  This thermal shock 

occurs when the roof is repeatedly exposed to warming and cooling cycles, such as the ones which 

occur every day and night.  Warmer temperatures force the roof to expand, while cooler 

temperatures make the roof contract.  Over time, this process can lead to cracks and tears in the 

roof, leading to a failure of the roof’s main function – keeping the elements out.  With a cool roof 

that lowers the temperature rise, the magnitude of the roof expansions are reduced, and the net 

effect is a slightly longer lifetime of the roof. 

One thing to be aware of is that, especially on low-sloped roofs, the reflectivity of white surfaces can 

decrease over time, as microorganisms and sediment accumulate on the surface.  For this reason, 

the CRRC provides solar reflectance and emittance values for both the initial installation and a 3 year 

old sample.  Annual washing of the roof will usually help maintain the reflectivity at a level nearer 

the initial value. 

 

2.3.3 Literature Review 

There are a number of studies and papers available regarding white roof applications in the US.  The 

papers Synnefa et al. [18], Akbari et al. [19] [20] are examples of general assessments of the 

potential energy savings in different cities across the US and Canada.  These papers use general data 

for each city and attempt to estimate the energy and economic savings by changing from the 

existing roof coverings to lighter colored white roofs.  The results typically show some increased 

heating demand during the winter, but the decrease in the cooling demand is far greater.  This 

relationship is generally shown to give greater savings in warmer, more southerly locations.  It is 

important to note also that these studies include mitigation of the heat-island6 effect in their results. 

Duluth is located further north than the cities mentioned in the above studies, and, just as 

importantly, has a much colder climate.  No studies were found which had a white roof evaluation in 

a climate or location particularly similar to Duluth’s, so it is hard to predict whether the benefits will 

outweigh the costs in the Jail’s application. 

                                                           

6
 The heat-island effect refers to the higher temperatures found in cities and dense urban areas compared to 

sparsely populated areas.  The additional heat comes from dark colored buildings, streets, and parking lots as 

well as excess heat energy from buildings, automobiles, industrial processes, etc… 
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3. Process 

3.1 Water Heating 
The County provided the most recent four years (2006-2009) of natural gas invoices, which they 

receive from their utility provider, Comfort Systems.  From these invoices, yearly costs and 

consumption patterns could be seen and compared.  Average monthly temperatures and heating 

degree days were found for each of the years so a relationship between the outside air temperature 

and natural gas consumption could be determined. 

With this temperature/consumption relationship, an annual cost of natural gas could be calculated 

for an “average” year - that is, a year consisting of the historic mean temperatures for each month.  

This annual cost could then be compared the same year with the solar thermal water system in 

place, along with new condensing water heaters.  The difference between the two costs would show 

the annual savings, and this number could be used to calculate the payback period for the 

investment on the new system. 

The calculations for the water heating proposal are found in Appendix F. 

 

3.2 Enclosing the Open Light Well 
A heat transfer analysis of the light well was conducted, comparing the open light well to one 

enclosed by an insulated skylight.  The heating losses and cooling losses were compared, consisting 

of the sum of the heat transmitted through the walls, windows, and doors, both with and without 

the skyroof. 

These different heat losses were then converted into heating and cooling costs using the existing 

natural gas fired boilers and electric chillers, respectively.  With these heating and cooling costs, a 

payback period was calculated with respect to the investment cost of adding a skylight. 

The calculations for the Open Light Well proposal are found in Appendix G. 

 

3.3 Installing a White Roof 
A heat transfer analysis of the Jail’s roof was made, comparing the existing black EPDM (rubber) roof 

with a roof surfaced with a white layer.  By performing an energy balance on the roof, a roof 

temperature was determined.   Using this roof temperature, a temperature gradient between the 

roof and inside of the building was established for all 3 roof surfaces , which could then be used to 

calculate the heat flow through the roof.  The difference in heat flow between the existing roof and 

the proposed roofs was then converted to electricity consumption needed to operate the chillers (or 

natural gas consumption for the boilers), and finally to a monetary amount.  This monetary amount 
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could then be used to calculate a payback period based on the investment cost of the new roof 

surface.   

An important point was that the comparison was only applied to hours of daylight as the differences 

between roof temperatures without the sun’s radiation was expected to be small.  That means that 

thermal storage of energy in the roof’s structure was not considered. 

The calculations for the white roof proposal are found in Appendix H. 
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4. Results 

4.1 Water Heating 
The heating degree days for the historically average year at the Duluth Airport are shown in the 

table below, along with the monthly gas usage and cost based off of the trend line equation from 

Figure F.4 (Appendix F), and the 4-year average natural gas price, respectively. 

Table 1 - Gas consumption and costs for historically average year 

Space heating  

Month HDD 
NG consumption 

Cost 
(kWh) 

  Jan 1771 303,721 $12,548  

  Feb 1422 257,059 $10,620  

  Mar 1244 233,261 $9,637  

  Apr 787 172,160 $7,112  

  May 421 123,226 $5,091  

  Jun 180 91,004 $3,760  

  Jul 69 76,163 $3,147  

  Aug 106 81,110 $3,351  

  Sep 331 111,193 $4,594  

  Oct 682 158,121 $6,532  

  Nov 1124 217,217 $8,974  

  Dec 1587 279,120 $11,531  

Year 9724 2,103,355 $86,896 

 

The tables below show a comparison of the natural gas requirements and costs for the tap/shower 

water heating loads for the existing boiler system and the proposed solar thermal and condensing 

boiler system, with both 20 and 50 solar panels. 
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Table 2 - Natural gas consumption comparison with current and proposed 20 panel system 

 
Water heating load Savings 

 
Load Current System Proposed System - 20 panels Proposed System 

 
Heating 
needed 

NG 
consumption 

Cost 
Solar 

thermal 
contribution 

NG 
consumption 

Cost 
Reduction in 
Natural Gas 

 
kWh kWh S kWh kWh $ kWh $ 

Monthly 41,171 51,464 $2,126 2,367 40,761 $1,684 10,703 $442 

Annual 494,054 617,568 $25,514 28,402 489,130 $20,207 128,438 $5,306 

 

 

Table 3 - Natural gas consumption comparison with current and proposed 50 panel system  

 
Water heating load Savings 

 
  Current System Proposed System - 50 panels Proposed System 

 

Heating 
needed 

NG 
consumption 

Cost 
Solar 

thermal 
contribution 

NG 
consumption 

Cost 
Reduction in 
Natural Gas 

 
kWh kWh $ kWh kWh $ kWh $ 

Monthly 41,171 51,464 $2,126 5,917 37,032 $1,530 14,432 $596 

Annual 494,054 617,568 $25,514 71,006 444,378 $18,359 173,190 $7,155 

 

Finally, Table 4 shows the consumption of a new system with no solar panels and just the 

condensing boilers. 

Table 4 – Natural gas consumption comparison with current and new boilers only 

 
Water heating load Savings 

 
  Current System Proposed System Proposed System 

 
Heating 
needed 

NG 
consumption 

Cost 
Solar 

thermal 
contribution 

NG 
consumption 

Cost 
Reduction in 
Natural Gas 

 
kWh kWh $ kWh kWh $ kWh $ 

Monthly 41,171 51,464 $2,126 0 43,247 $1,787 8,217 $339 

Annual 494,054 617,568 $25,514 0 518,965 $21,440 98,603 $4,074 
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Table 5 shows the total cost of operating the current and proposed systems over the course of an 

average weather year, and the savings as a percentage of the total cost. 

Table 5 - Annual costs with proposed solar thermal systems 

# of 
collectors 

System Configuration 

Annual Costs  Annual Savings 

Space 
heating 

Water 
heating 

Total 
% of 

water 
heating 

% of 
total 

$ 

- Existing system 

$86,896 

$25,514 $112,409 - - - 

20 
Proposed (solar + new boilers) $20,207 $107,103 20.8% 4.7% $5,306 

Solar thermal only $24,047 $110,942 5.7% 1.3% $1,467 

50 
Proposed (solar + new boilers) $18,359 $105,254 28.04% 6.37% $7,155 

Solar thermal only $21,847 $108,742 14.37% 3.26% $3,667 

- condensing boilers only $21,440 $108,336 15.97% 3.62% $4,074 

 

It should be noted that the ‘% of water heating column’ shows the average annual contribution of 

the solar thermal system – in the summer, this percentage would be significantly higher.  

The solar thermal only rows show the energy contribution of just the solar system(s).  It is not 

practical that the solar collectors could be installed without some of the items from the new boiler 

package, so this breakdown is just to illustrate the relative contributions of each part of the 

proposed system. 

The system costs are summarized in Table 6, below.  This information was provided by Mike Wolters 

at Foster Jacobs & Johnson, Inc., who was designing a preliminary system layout for a solar water 

system with supplemental condensing boilers.   

Table 6 - Installed system costs 

 
Estimated installed costs 

Component Description min max average 

New boilers (Viessmann) $65,000 $75,000 $70,000 

Solar thermal (20 panels) $15,000 $20,000 $17,500 

Combined (boilers + 20 solar panels) $80,000 $95,000 $87,500 

Solar thermal (50 panels) $37,500 $50,000 $43,750 

Combined (boilers + 50 solar panels) $102,500 $125,000 $113,750 

 

These numbers are rough estimates for similar systems but should be a reasonable starting point to 

calculate the payback period.  If one uses the average of the price range for each system, the 

payback periods for these systems will be as shown in Table 7. 
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Table 7 - Payback periods for proposed systems 

System Configuration 

System 
Cost 

Annual 
Savings 

Simple 
Payback 
Period 

Comfort 
Systems 

grant 

Total 
Final Cost 

Final 
Payback 
Period 

$ $ years $ $ years 

boilers only (Viessmann) 70,000 4,074 17.2 - 70,000 17.2 

boilers only (AO Smith) 70,000 4,074 17.2 - 70,000 17.2 

Solar only (20 panels) 17,500 1,467 11.9 - 17,500 11.9 

Combined (boilers + 20 solar panels) 87,500 5,306 16.5 - 87,500 16.5 

Solar only (50 panels) 43,750 3,667 11.9 - 43,750 11.9 

Combined (boilers + 50 solar panels) 113,750 7,155 15.9 - 113,750 15.9 

 

The payback periods range from around 12 to over 17 years, depending on the system 

configuration.  The Comfort Systems 15% conservation grant is only applicable to projects which 

have a simple payback period between 1 and 10 years.  As can be seen, the paybacks for this 

proposal are over this limit and therefore are not applicable for the grant.  More information on this 

grant is found in Appendix I. 
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4.2 Enclosing the Open Light Well 
Table 8 shows the different variables that went into the heat loss calculation for the Nanogel-roofed 

light well, and the resulting calculated well temperature, heat flows, and effective U-values for each 

month of the year. 

Table 8 - Monthly heat transfer variables for Nanogel-roofed light well; ACH = .35 

NANOGEL KALWALL 

Month 
Daily 
Imean 

Mean 
Tout 

Qcond_wall Qcond_roof Qventilation Qradiation Twell 

effective 
U-value 
of light 

well  

ACH 
for Tin = 

Twell 

  (W/m
2
) °C W W W W °C 

W/(m
2
 

°C) 
1/h 

  Jan 68.5 -13.9 2,111 1,389 2,615 1,893 8.2 0.17 -0.026 
  Feb 103.2 -10.9 1,397 1,474 2,776 2,854 12.6 0.13 0.078 
  Mar 150.7 -4.2 197 1,514 2,850 4,167 19.9 0.02 0.301 
  Apr 206.3 3.7 -1,211 1,558 2,934 5,702 28.5 0.20 0.784 
  May 243.8 10.4 -2,280 1,547 2,914 6,740 35.0 0.61 1.677 
  Jun 253.5 15.4 -2,836 1,447 2,724 7,007 38.4 1.42 3.446 
  Jul 241.7 18.9 -2,982 1,283 2,416 6,681 39.3 3.87 8.758 

  Aug 208.1 17.6 -2,429 1,153 2,170 5,752 36.0 1.98 4.663 
  Sep 155.1 12.3 -1,278 1,044 1,966 4,288 28.9 0.42 1.255 
  Oct 91.4 6.5 56 896 1,688 2,528 20.8 0.01 0.326 
  Nov 64.1 -2 1,146 1,012 1,905 1,771 14.1 0.14 0.041 
  Dec 49.9 -10.7 2,080 1,200 2,259 1,378 8.4 0.19 -0.058 

Year - - -6,031 15,515 29,216 50,762 - - - 

 

The well temperature represents the temperature of the air contained in the enclosed light well.  

This temperature is affected by the amount of incoming solar radiation (Imean), the air change rate, 

and the outdoor temperature (Tout).  In this analysis, a fixed air change rate of .35 per hour was used 

to approximate a non-ventilated space with some infiltration/leakage.  The heat flow through the 

walls of the light well (Qcond_wall) is the amount of energy that the Jail needs to account for in order to 

maintain the desired indoor temperature, which was 21 °C.   

During months when the well temperature is greater than the indoor temperature, the heat flow 

out of the walls is negative; this represents heat coming into the Jail and therefore necessitates 

additional cooling by the Jail’s chillers. 

Due to the variation of the well temperature, the effective U-value of the light well also fluctuates.  

The effective U-value corresponds to the ease with which heat flows from the inside of the Jail 

through the light well’s walls, the light well air space, and, finally, through the skyroof. 

The last column in Table 8 shows the calculated air change rate which would be needed to have the 

well temperature equal the interior temperature of the Jail, causing no heat transfer through the 

walls of the light well.  Negative numbers relate to months where the solar heat gain is not high 
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enough to make Twell equal the indoor temperature.  A few months in the winter, spring, and fall 

have ACHs of less than 0.35, which means the light well would need to be well sealed in order to 

trap enough heat to raise Twell to the indoor temperature.  Finally, during the summer months when 

the solar radiation and the outdoor temperature are quite high, the ACH needs to be higher in order 

to keep the light well from overheating. 

 

Table 9 shows the same variables and calculated results for the medium-grade Kalwall skyroof over 

the light well. 

Table 9 - Monthly heat transfer variables for 'medium-grade Kalwall'-roofed light well; ACH = .35 

MEDIUM-GRADE KALWALL 

Month 
Daily 
Imean 

Mean 
Tout 

Qcond_wall Qcond_roof Qventilation Qradiation Twell 

effective 
U-value 
of light 

well  

ACH 
for Tin 
= Twell 

  (W/m
2
) °C W W W W °C 

W/(m
2
 

°C) 
1/h 

  Jan 68.5 -13.9 3,479 864 1,626 1,893 -0.1 0.28 -0.676 

  Feb 103.2 -10.9 2,820 928 1,747 2,854 3.9 0.25 -0.559 
  Mar 150.7 -4.2 1,617 969 1,825 4,167 11.2 0.18 -0.309 
  Apr 206.3 3.7 201 1,016 1,913 5,702 19.9 0.03 0.231 
  May 243.8 10.4 -914 1,023 1,927 6,740 26.7 0.24 1.231 

  Jun 253.5 15.4 -1,584 966 1,820 7,007 30.8 0.80 3.213 

  Jul 241.7 18.9 -1,888 863 1,625 6,681 32.6 2.45 9.163 

  Aug 208.1 17.6 -1,437 772 1,454 5,752 29.9 1.17 4.576 

  Sep 155.1 12.3 -349 687 1,294 4,288 23.2 0.11 0.758 

  Oct 91.4 6.5 894 575 1,082 2,528 15.7 0.18 -0.281 

  Nov 64.1 -2 2,129 634 1,194 1,771 8.1 0.26 -0.601 

  Dec 49.9 -10.7 3,271 743 1,398 1,378 1.1 0.29 -0.711 

Year - - 8,239 10,040 18,906 50,762 - - - 

 

The results for the medium-grade Kalwall enclosed light well are similar to those for the Nanogel 

equipped, though with lower temperatures due to the higher U-value of the medium grade 

material.  Looking at the last column, one can see that, during the winter months, the skyroof would 

not be able to raise the well temperature to that of the indoor temperature (21 °C). 
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Table 10 shows the heating losses (and monetary costs of these losses) of the existing light well 

configuration, as well as those of the two Kalwall options.  The months with “0” kWh shown in the 

‘energy lost through light well’ column are months where the well temperature was higher than the 

indoor temperature.  These months therefore are represented in Table 11 as additional cooling 

demands. 

Table 10 - Comparison of heat losses in the light well 

 
Light Well heating load Savings 

 

Existing conditions 
(light well open to 

atmosphere) 

with Kalwall roof       
(Nanogel) 

with Kalwall roof             
(medium grade) 

with Kalwall 
roof (Nanogel) 

with Kalwall 
roof             

(medium grade) 

  

Energy 
lost 

through 
light well 

Cost 

Energy 
lost 

through 
light well 

Cost 

Energy 
lost 

through 
light well 

Cost 
Reduction in natural gas                          
energy used for heating 

Month kWh $ kWh $ kWh $ kWh $ kWh $ 

Jan 3,865 $200 1,570 $81 2,588 $134 2,294 $118 1,276 $66 

Feb 3,103 $160 939 $48 1,895 $98 2,164 $112 1,208 $62 

Mar 2,715 $140 147 $8 1,203 $62 2,568 $133 1,512 $78 

Apr 1,717 $89 0 $0 145 $7 1,717 $89 1,573 $81 

May 919 $47 0 $0 0 $0 919 $47 919 $47 

Jun 393 $20 0 $0 0 $0 393 $20 393 $20 

Jul 151 $8 0 $0 0 $0 151 $8 151 $8 

Aug 231 $12 0 $0 0 $0 231 $12 231 $12 

Sep 722 $37 0 $0 0 $0 722 $37 722 $37 

Oct 1,488 $77 41 $2 665 $34 1,447 $75 823 $43 

Nov 2,453 $127 825 $43 1,533 $79 1,628 $84 920 $47 

Dec 3,463 $179 1,547 $80 2,433 $126 1,916 $99 1,030 $53 

Year 21,219 $1,096 5,070 $262 10,462 $540 16,150 $834 10,757 $555 

 

The Nanogel Kalwall reduced the heating losses by 76%, while the medium grade was able to reduce 

losses by about 50%. 
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Below are the cooling losses through the three configurations. 

Table 11 - Comparison of cooling losses in the light well 

  Light Well cooling load Savings 

  
Existing conditions 
(light well open to 

atmosphere) 

with Kalwall roof       
(Nanogel) 

with Kalwall roof             
(medium grade) 

with Kalwall 
roof (Nanogel) 

with Kalwall 
roof             

(medium 
grade) 

  

Energy 
lost 

through 
light well 

Cost 

Energy 
lost 

through 
light well 

Cost 

Energy 
lost 

through 
light well 

Cost 
Reduction in electrical                          

energy used for cooling 

Month kWh $ kWh $ kWh $ kWh $ kWh $ 

Jan 0 $0.00 0 $0.00 0 $0.00 0 $0 0 $0 
Feb 0 $0.00 0 $0.00 0 $0.00 0 $0 0 $0 
Mar 0 $0.00 0 $0.00 0 $0.00 0 $0 0 $0 
Apr 0 $0.00 872 $17.41 0 $0.00 -872 -$17 0 $0 
May 15 $0.30 1,696 $33.68 680 $13.51 -1,681 -$33 -665 -$13 
Jun 61 $1.22 2,042 $40.78 1,140 $22.77 -1,981 -$40 -1,079 -$22 
Jul 179 $3.55 2,219 $44.05 1,404 $27.88 -2,040 -$41 -1,225 -$24 

Aug 131 $2.60 1,807 $35.89 1,069 $21.23 -1,676 -$33 -939 -$19 
Sep 26 $0.52 921 $18.38 251 $5.01 -894 -$18 -225 -$4 
Oct 0 $0.00 0 $0.00 0 $0.00 0 $0 0 $0 
Nov 0 $0.00 0 $0.00 0 $0.00 0 $0 0 $0 
Dec 0 $0.00 0 $0.00 0 $0.00 0 $0 0 $0 

Year 412 $8.20 9,557 $190.18 4,545 $90.41 -9,144 -$182 -4,133 -$82 

  

The negative ‘reductions’ in cooling energy needed shows that the addition of the skylight actually 

increases the cooling demand of the Jail if no active and/or controlled ventilation system is installed.   
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Combining these two savings figures together (the green boxes in Tables 10 and 11), one can 

determine the annual costs of the energy being lost through the light well, and can therefore 

present Table 12, which shows the payback period for the two Kalwall options. 

 

Table 12 - Investment costs and payback periods of the Kalwall options 

Kalwall grade 

Investment 
Cost 

Annual 
Savings 

Payback 
Period 

$ $ years 

Nanogel $357,107 $652 548 

Medium  $214,264 $473 453 

  

While the annual savings are significant, the investment cost of the Kalwall dwarfs them and leads to 

an extremely long payback period.  Again, the results presented are based on no ventilation system 

being installed for the light well space.  
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4.3 Installing a White Roof 
An important point to note, before jumping into the results of the white roof proposal, is that this is 

a relative comparison between the existing and proposed roofs.  Therefore, the energy numbers 

that will be shown are not the absolute or total heating or cooling demands for the building, but 

rather the change in heating or cooling demands of the proposed roofs compared to the existing 

roof. 

Figure 14 shows a breakdown of the energy flows through the roof during a typical mean year 

(TMY). 

 

Figure 14 - Heat flows through the roof during a TMY 

The area above the x-axis (0 MWh) represents net heat flows into the building, while the area below 

represents heat flows out of the building.  The existing roof contributes to increased summertime 

cooling demands as it absorbs more solar radiation and transmits more of the energy into the 

building.  On the other hand, the white roofs resisted the heating effect during the summertime, but 

also in the wintertime.  While they reduced the heating load during the summer (or eliminated it 

altogether), the heat that was not absorbed by the roof during the spring and fall caused an 

increased heating demand. 

Table 13 expresses the yearly changes in the heating and cooling demands, and the costs associated 

with these changes. 
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Table 13 - Energy and cost changes between the roofs 

Value description 
Current 

roof 

White roof White roof 

(new condition) (weathered condition) 

Additional heating needed (MWh) - 22.38 14.26 

Cost of additional heating - $925 $589 

Electricity needed to cool (MWh) 6.23 0.00 0.29 

Cost to cool $364 $0 $17 

Total cost $364 $925 $606 

Cost reduction - -$561 -$242 

 

The white roofing options do not provide any cost savings when compared to the existing black 

colored roof.  In fact, the weathered roof, which is the less “white” of the two white options, 

actually has a better performance than the new white roof. 

An important point when considering the results for this white roof proposal is that the roof 

insulation at the Jail is very good, which reduced the heating and cooling demands considerably 

compared to a less well insulated roof.  Perhaps this would not have changed the overall tendencies 

of the outcome, but with less insulation, the cost savings (if any) would have been larger and 

therefore produced a shorter payback period. 

A monthly cost and energy demand breakdown can be seen in Table 14, on the following page. 
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Table 14 - Heating and cooling costs for the different roofs 

 
Heat Through Roof Due to Solar Radiation Savings by using a white roof 

 
current with white roof (new condition) with white roof (weathered condition) new condition 

weathered 
condition 

  
Energy 

through 
roof 

Elect. 
needed 
to cool 

Cost to 
cool 

Energy 
needed 

for 
heating 

Cost 
for 

heating 

Energy 
through 

roof 

Elect. 
needed 
to cool 

Cost 
to 

cool 

Energy 
needed 

for 
heating 

Cost 
for 

heating 

Energy 
through 

roof 

Elect. 
needed 
to cool 

Cost 
to 

cool 

Energy 
needed 

for 
heating 

Cost 
for 

heating 

Reduction in 
energy use 

Reduction in 
energy use 

Month MWh MWh $ MWh $ MWh MWh $ MWh $ MWh MWh $ MWh $ MWh $ MWh $ 

Jan -0.05 0 $0 0.06 $2 -0.06 0 $0 0.07 $3 -0.06 0 $0 0.07 $3 -0.02 -$1 0.04 -$1 

Feb 0.00 0 $0 0 $0 0.00 0 $0 0 $0 0.00 0 $0 0 $0 0.00 $0 0.00 $0 

Mar -0.38 0 $0 0.47 $20 -0.78 0 $0 0.97 $40 -0.70 0 $0 0.87 $36 -0.50 -$20 0.20 -$16 

Apr 0.04 0 $0 0 $0 -3.52 0 $0 4.40 $182 -2.83 0 $0 3.54 $146 -4.40 -$182 -1.57 -$146 

May 2.69 0.85 $49 0 $0 -4.05 0 $0 5.06 $209 -2.71 0 $0 3.39 $140 -4.21 -$160 -1.49 -$91 

Jun 4.88 1.54 $90 0 $0 -1.92 0 $0 2.40 $99 -0.58 0 $0 0.72 $30 -0.86 -$10 -0.28 $60 

Jul 6.10 1.93 $112 0 $0 -0.60 0 $0 0.74 $31 0.73 0.23 $13 0 $0 1.19 $81 0.46 $99 

Aug 4.82 1.52 $90 0 $0 -0.95 0 $0 1.18 $49 0.19 0.06 $4 0 $0 0.34 $41 0.15 $87 

Sep 1.21 0.38 $23 0 $0 -2.94 0 $0 3.67 $152 -2.12 0 $0 2.65 $109 -3.29 -$129 -1.17 -$86 

Oct -1.57 0 $0 1.96 $81 -4.03 0 $0 5.04 $208 -3.54 0 $0 4.43 $183 -3.08 -$127 0.46 -$102 

Nov -2.30 0 $0 2.87 $119 -3.23 0 $0 4.04 $167 -3.05 0 $0 3.82 $158 -1.17 -$48 1.89 -$39 

Dec -0.63 0 $0 0.79 $33 -0.76 0 $0 0.95 $39 -0.74 0 $0 0.93 $38 -0.16 -$7 0.58 -$6 

Year 14.83 6.23 $364 6.15 $254 - 0.00 $0 28.54 $1,179 - 0.29 $17 20.41 $843 -16.15 -$561 -0.74 -$242 
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4.4 Carbon Dioxide Emission Reductions 
Below are the annual CO2 emissions reductions that would occur if the water heating proposal(s) 

and the light well were implemented: 

Table 15 - Carbon dioxide emission reductions 

 
Proposal 

NG 
saved 

El saved CO2 reduction 

 
kWh kWh kg CO2 

Water heating 

20 collectors + condensing boilers 128,438   29,910 

50 collectors + condensing boilers 173,190   40,332 

20 collectors only 35,503   8,268 

50 collectors only 88,758   20,670 

condensing boilers only 98,603   22,963 

Enclosing the 
light well 

Kalwall medium grade 10,757 -4,133 -1,593 

Kalwall Nanogel grade 16,150 -9,144 -5,306 

Installing a 
white roof 

new condition -22,382 6,234 969 

weathered condition -14,256 5,942 2,572 

 

The solar thermal water heating proposal provides solid reductions in every option due to the fact 

that it replaces a fossil fuel energy source with a non-polluting one.   

On the other hand, while the light well does provide a net cost savings (see Table 12), it increases 

the electrical energy used by the Jail, which has CO2 emissions nearly 4.5 times greater than burning 

natural gas for heat.  Therefore, although the natural gas use decreases with the addition of the 

skyroof, the increase in electrical CO2 emissions actually creates a net increase in CO2 emissions. 

The white roof proposal, in both the new and weathered conditions, would save electrical energy 

compared to the existing dark roof.  Despite increasing the natural gas used for heating, the 

electricity savings lead to a net decrease in CO2 emissions.  

The calculations for this table are based off of CO2 emission data that is presented in Appendix J and 

K.  
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5. Discussion 
 

Now that the results have been presented, it is possible to make some observations and address 

some other points that have affected them. 

 

The water heating proposal has shown the best energy savings and also payback period of the three 

proposals.  The steady hot water demand (due to the Jail’s continuous operation) has certainly 

helped produce these high savings potentials, as there is always a need for the energy the collectors 

provide.  That said, some additional points regarding the calculations should be addressed.   

To simplify the calculation of the natural gas consumption by the boilers, a fixed efficiency was used.  

As described in Appendix E, this value represented the peak efficiency of the boilers and therefore 

may have reduced the calculated natural gas consumption when the boiler(s) would have been 

running at less than full output.  This would have the effect of showing a lower natural gas savings 

for the solar-thermal systems.  Nevertheless, simplification should not have had a large effect on the 

results, and, if anything, made the payback time even shorter. 

A second point to make is that the collectors were assumed to be free of dirt, debris and snow for 

the entire year of calculations.  This is not likely in reality, and any build up on the collectors would 

reduce their output.  A literature review  of several experiments regarding dirt accumulation on 

photovoltaic and flat plate collectors [21] [22] [23] suggests that in Duluth, where rain and snow 

occur relatively often, and given the tilt of the collectors proposed at the Jail, this effect would 

probably be no more than 5% of the total output.  Nevertheless, if the solar-thermal proposal is 

enacted at the Jail, it would be suggested to have a maintenance and cleaning schedule to assure 

maximum output. 

 

The skyroof proposal also showed a net energy-use and energy-cost benefit; but, despite this 

benefit, the cost of installing the skyroof was a large deterrent and made the payback time 

unreasonable.  Another negative point was that an installation of a skyroof would actually increase 

the CO2 emissions of the Jail. 

As was mentioned in the results section, the primary analysis assumed that no active ventilation 

system would be installed in the light well to accompany the skyroof.  In the summertime this would 

lead to a well temperature that is higher than the outdoor temperature (due to incoming solar 

radiation being ‘trapped’ in the well), and would therefore lead to higher cooling costs than in the 

existing condition.  Installing an active ventilation system to supply sufficient air circulation would 

reduce or remove this effect, but would also add to the cost and complexity of the installation. 

Additionally, the shape and location of the inner light well would add complexity to the installation.  

Directly on the border of Wall 6 (see Figure 4) is a roof access stairwell, making any kind of raised 

structure around the light well a difficult proposition.   
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Enclosing the light well may also required adding fire sprinklers to the interior of the well.  A quick 

look through NFPA 137 suggests this may not be necessary as the materials in the light well (brick, 

metal doors, and windows) are non-combustible and therefore may qualify for an exemption.  If 

sprinklers were required, however, this would add additional cost to the project. 

A final point regarding the skyroof proposal is that they calculations assumed a sloped roof was 

necessary for snow removal and structural support.  The payback and energy savings would likely be 

better if a flat roof that is flush with the existing roof parapets were to be used.  This would shrink 

the costs of the material significantly, though the structure may not be as strong.   

 

The white roof proposal results were the most puzzling when considering the growth and visibility of 

new cool roof installations and legislation in the US.  When viewing satellite photos of the Duluth 

area, one will see a mix of white and traditional dark roofs, often on buildings that are side-by-side 

and owned by the same entity! 

The results of this report show that in Duluth’s climate, the benefits of the white roofing materials 

are outweighed by the costs.  This is a function of a number of variables: the amount of solar 

radiation, the outdoor temperatures, and the cost of heating and cooling sources, among others.  

Because Duluth has relatively low solar radiation values and such cold winters, the expected savings 

never appear. 

Why are there numerous white roof installations in Duluth, then?  There are a number of possible 

explanations.  Most of the installations are on large “big-box” retailers who have hundreds of stores 

around the US.  It may be possible that they use the same roof specifications for all of their buildings, 

making no distinction between those located in Duluth and, say, Los Angeles.  These specifications 

may be tailored to warmer climates where the cool roofs do provide net cost savings.  Additionally, 

the lifespans of white PVC and/or TPO roofing materials are expected to be longer than those of 

traditional EPDM roofs (see section 2.3.1).  This may provide additional incentives to using a white 

roof. 

This comparison of the roofs did not account for the effect on efficiency of rooftop mounted air 

handling units and other roof-mounted machinery.  In hot weather, machinery is typically less 

efficient than when run at room temperatures.  By neglecting this effect, some benefits of the cooler 

roof may have been omitted; however this effect should have been quite small. 

Likewise, dynamic thermal properties of the building/roof structure were not considered.  This refers 

to the thermal mass and the offset between peak solar loads and the peak cooling and heating loads 

during a day.  Because the roof had such good insulation above the structure, the heat transfer into 

the building structure would have been relatively small.  Nevertheless, some accuracy was forfeited 

here in order to make the modeling simpler. 

                                                           

7
 National Fire Prevention Association; NFPA 13 is the fire sprinkler code book in the United States 
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Additionally, while the white roof would not return any direct economic benefit (in terms of energy 

savings), it would reduce the CO2 emissions of the Jail by shifting some of the yearly energy usage 

from electricity to natural gas.  Whether or not the County sees this as a worthwhile investment 

might depend on how seriously they take their goal of reducing their emissions, and whether this is 

in fact a good deal for the CO2 savings. 

A final point is that any surface area that is taken up by solar collectors (as in Proposal 1) will reduce 

the effect of the roof surface color on the space heating and cooling needs of the building.  If there 

were to be solar collectors on the roof, a warmer roof would actually be beneficial as it would 

reduce heat losses to the surroundings due to a lower temperature difference between the 

collectors and the surrounding air. 
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6. Conclusion 
 

As presented in the Results section, two of the proposals were able to supply energy and/or cost 

savings, while the third would have had the opposite effect. 

 

The water heating situation was the most promising both in energy savings and payback period.  

Every kWh of energy the collectors provide for water heating saves the Jail around $.04.  In addition, 

the higher efficiency of the condensing boilers provides additional cost savings versus the existing 

non-condensing boilers. 

The fact that this energy is free, and that the collectors are very simple and have a long lifespan 

means that this is an investment that will provide good savings for decades of operation.  Therefore 

the recommendation is to go forth with this proposal. 

 

The skyroof system did provide net energy and cost benefits, but as mentioned earlier, the costs of 

the installation made the payback time unreasonable.  In addition, the CO2 emissions of the Jail 

would increase if a skyroof were installed.  The recommendation here is to not implement this 

proposal and instead focus on another area. 

 

The white roof did not provide a net energy or savings benefit and therefore the recommendation 

would be to abandon this proposal.  If the County is interested in the potential lifespan improvement 

by using single ply membranes such as PVC or TPO, more research on this aspect would be required.  

Independent data is imperative to avoid the manufacturers’ propaganda in this matter. 

 

With these three proposals now evaluated, there are other options which may be worth 

investigating for the Jail. 

One suggestion would be to look into lighting systems at the Jail.  MN Power offers generous fixture 

replacement grants [24] and the higher electricity cost will bring faster payback than natural gas 

savings.  Additionally, as less heat is produced by the electrical fixtures, the load on the boilers will 

be higher and will bump their efficiency slightly (see Appendix E for explanation). 

Water conservation will return the largest bang for the buck on the natural gas and heating side of 

things.  Replacing fixtures and limiting water use can knock the domestic water use by half in some 

cases, saving both water/sewer costs and natural gas expenses.  The investment costs of these 

changes should be very small compared to the benefits, so payback will be quick. 

A serious look at replacing the existing boilers may also be worthwhile.  Since there is a lot of natural 

gas going to the Jail each year, the volume of savings will be large, even will rather small 
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improvements.  It may seem tragic to scrap perfectly functioning boilers but the savings and payback 

may make that a good economic decision.  A second option here would be to investigate the 

possibility of using wood-pellet/biomass heating at the Jail.  The investment costs are likely similar to 

new natural gas-fired boilers but the fuel costs are lower and the environmental benefits and local 

economic effect are greater.  Further investigation into the costs and logistics of this idea is needed. 

Alternatively, adding an economizer to the existing boilers to capture some of the flue losses can 

bump efficiency by 5-10% and will likely not be as expensive as replacing the whole boilers.   

Heat pump water heaters may also be another option when it comes to the domestic water heating 

loads.  Heat pumps located in the mechanical room with the boilers could recover the jacket losses 

of the boilers and the heat exchanger losses and use that “wasted” heat for heating the tap water.  

They could also serve as a cooling mechanism for the mechanical room or other areas.  Calculations 

behind this idea were started but not completed due to time limitations.  This idea should be seen as 

secondary to the solar-thermal proposal, however. 
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Appendix A – Weather at the Jail 

 
This data was based off of the weather experienced over a 30 year period at the Duluth International 

Airport, which is approximately 1 mile (1.6km) from the Jail.  A Typical Meteorological Year (TMY) is 

a statistically average weather year at a location, produced by analyzing a long-term set of data.  In 

this case, the TMY data was produced by the National Oceanographic and Atmospheric 

Administration (NOAA), and come from their Climatography of the United States No. 20, which uses 

data from 1971-2000.   

Table A.1 - Mean temperature and snow measurements at the Jail 

 

The snow measurements were useful to determine how many days per year the roof surface was 

unobstructed.  This data was used in the White Roof section (Appendix H). 

Table A.2 - Heating and cooling degree days at the Jail 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

HDD (base 
65°F) 

1771 1422 1244 787 421 180 69 106 331 682 1124 1587 9724 

CDD (base 
65°F) 

0 0 0 0 7 28 82 60 12 0 0 0 189 

 

Heating and cooling degree days are calculated by calculating the difference between each day’s 

mean temperature and a so-called base temperature, which in this case was 65° F (18.3° C).  This 

difference is then considered the value of the heating or cooling “degrees” for that day, depending 

on whether the temperature was below (heating) or above (cooling) the base temperature.  The 

base temperature is an estimated temperature at which the heating and cooling systems of a 

building do not need to be run in order to maintain the desired indoor temperature.  In other words, 

it is the outdoor temperature at which the heat from the sun, and the people and appliances in the 

building are sufficient to heat the building, but not so much as to create a cooling demand.  The 

monthly HDD and CDD are the sums of all the heating or cooling degrees for each month, 

respectively. 

  

Value Description Unit Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Average daily temp °C -13.9 -10.9 -4.2 3.7 10.4 15.4 18.9 17.6 12.3 6.5 -2 -10.7 3.6 

Days in month days 31 28 31 30 31 30 31 31 30 31 30 31 365 

Days with >= 1" of 
snow 

days 30.8 28 28.1 10.7 0.1 0 0 0 0 0.7 14.2 28.2 140.8 

Days with < 1" of 
snow 

days 0.2 0 2.9 19.3 30.9 30 31 31 30 30.3 15.8 2.8 224.2 
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Appendix B – Electricity cost calculation 
 

The electricity at the Jail is supplied by the utility Minnesota Power (MNP), which is based in Duluth 

with generating facilities around northern Minnesota.  The following table shows the current costs 

(as of June 2010) associated with the electricity price. 

MN Power term Value Unit 

Energy charge 0.03175 $/kWh 

Fuel/Purchased energy  0.00977 $/kWh 

BOS3/2009 transmission 0.00199 $/kWh 

Resource adjustment varies $ 

Interim Rate Adjustment 11.34% % of total 

Duluth Franchise Fee 1.43% % of total 

MN/Duluth sales tax 6.88% % of total 

Cost per individual kWh 0.0521 $/kWh 

 

Definitions [25]: 

 Energy charge – the base cost per kWh 

 Fuel/purchased energy charge – funds fuel (coal) and energy purchases from other utilities 

when MNP’s own facilities cannot meet demand 

 BOS3/2009 transmission – funds emissions upgrades at the Clay Boswell coal power plant 

and transmission line improvements 

 Resource adjustment – makes adjustments to the fuel/purchased energy charge depending 

on market conditions and prices.  This line can also be a negative number if energy prices are 

under the budgeted cost. 

 Interim rate adjustment – allows MNP to collect higher rates while the Minnesota Public 

Utilities Commission evaluates a rate increase request by MNP.  This adjustment began 

January 1, 2010. 

 Duluth franchise fee - City of Duluth business tax 

 MN/Duluth sales tax - State and City sales tax (combined) 
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In addition, MNP also bills its non-residential customers for a demand charge.  The values for this 

charge are seen below: 

Table A. 3 - Subscription and power demand charges 

Description Value Unit 

Subscription fee - 100kW (min) 
1000 $ (fixed) 

(Large Light and Power Rate: 75A) 

Demand charge 8.00 $/kW 

 

The Jail fits into their “Large Light and Power” rate and has a monthly subscription fee of $1,000 for 

power demands of 100kW or less.   Any additional kWs of power demand over the first 100kW are 

also charged at $8/kW.  As an example, if the Jail has a maximum power demand of 300kW for a 

month, their total cost for the demand would be: 
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Appendix C – Natural gas cost calculation 
 

The Jail receives its natural gas from Comfort Systems, which is a utility operated by the City of 

Duluth.  The natural gas cost consists of a fixed price per 100 cubic feet of natural gas (100 ft3; CCF) 

of $1.241/CCF.  The energy content of a CCF is nominally equal to (1) therm, which is a unit typically 

used expressing energy content for natural gas in the United States.  One therm has the equivalent 

energy of 100,000 BTU (British Thermal Units), or 29.31 kWh. 

In addition to the fixed price of the natural gas, there is also a second fee called a purchased gas 

adjustment (PGA) which is applied to each CCF.  This value adjusts the fixed price of the CCF for 

market pricing conditions, and can be either negative or positive, depending on if the market price 

for natural gas is lower or higher than the fixed price, respectively. 

Finally, there is a fixed connection fee each month of $7.50. 

To summarize, the total monthly natural gas cost is as follows: 

                                                                           

 

Accounting for the PGA fluctuations 

Natural gas prices are constantly fluctuating, so to present a balanced natural gas price it is 

necessary to “smooth” these monthly fluctuations.  In order to take into account the effect of the 

PGA historically, a calculation was made using the 4 years of natural gas invoices to determine a 

historic average natural gas price per CCF.  This historic mean price was $1.211/CCF, and this value 

was used in all calculations regarding cost savings or expenditures from natural gas use.  This price 

corresponds to $.0413/kWh: 

             
      

   
 

   

       
            

 

  



 

 

50 

 

Appendix D – Chiller efficiency calculation 
 

The Jail uses an air-cooled chiller to provide cool water for HVAC needs.  The chiller at the Jail is a 

McQuay SEASONPAK ALR-155C model which is rated at 155 tons of cooling [26].  A ton of cooling is 

equivalent to 12,000 BTU/hr, or 3.514 kW. 

The following figure shows the rated cooling capacity, power demand, and EER (Energy Efficiency 

Ratio) of the unit installed at the Jail.  The values in the red box were used to calculate the efficiency 

of the unit for the conditions at the Jail. 

 

Figure D.1 - Cooling capacity and efficiency table, source [26] 

An ambient air temperature of 90 °F (32.2 °C) was selected because the ambient peak summertime 

temperature in Duluth rarely exceeds that number.  A low water temperature (LWT) of 46 °F (7.8 °C) 

was selected to show the mean efficiency of the chiller at the selected ambient temperature. 

In order to determine the COP of the chiller, the following relation was used: 

     
         

           
 

                

                    
 
            

        
   

        
 
         

        
       

The EER is also related to the COP by the relation: 

     
   

     
 

Double checking the COP by dividing the published EER of 10.8 by 3.412 gives a value of 3.16, so this 

confirms the calculation shown above is correct.  This COP (3.16) is used for all calculations of the 

monetary cost of cooling. 
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Partial load performance 

The EER and COP both increase as the load on the chiller becomes smaller.   

 

Figure D. 2 - Part load chiller operation, source [26] 

To determine the partial load EER, the following relation is used: 

                  
                    

              
               

For instance, at the lowest load reduction that is standard on the Jail’s chiller, the chiller is operating 

at 28% of its full load output.  The EER for this setting would be, using the data from Figure D.2: 

                  
   

   
           

The COP would then be: 

     
   

     
 
    

     
      

Nevertheless, the COP calculated from the full load condition is used for all monetary costs of 

cooling in this report, as it shows the worst (most expensive) scenario.  
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Appendix E – Boiler efficiency calculation 
 

The boiler efficiency of the two installed boilers at the Jail was calculated using the data-plates 

located on the boilers and burners as well as the original engineering specification drawings.   The 

tables below show this information in English and SI units. 

Table E. 1 - Boiler data in English units 

Value Description Unit 

Source 

Engineering 
drawing 

Boiler tag Burner tag 

Firing rate (max) MBH 6278 7061 6278 

Firing rate (min) MBH - - 2093 

Output (max) MBH 5021 5649 - 

Combustion efficiency - 80.0% 80.0% - 
 

Table E. 2 - Boiler data in SI units 

Value Description Unit 

Source 

Engineering 
drawing 

Boiler tag Burner tag 

Firing rate (max) kW 1838.3 2067.5 1838.3 

Firing rate (min) kW - - 612.9 

Output (max) kW 1470.2 1654.1 - 

Combustion efficiency - 80.0% 80.0% - 

 

The combustion efficiency was calculated by dividing the maximum output by the maximum firing 

rate.  This gives the full output combustion efficiency, or steady state efficiency (SSE) [10].   

                         
                      

          
 

In reality, the combustion efficiency is reduced as the firing rate decreases; however, for the 

purposes of comparing two systems using the same boiler setup, the effects of this decrease would 

play a very minor role in the overall results. 

Additionally, this efficiency does not consider jacket losses by conduction from the boiler’s exterior 

to the surroundings.  These losses are irrelevant for this analysis as the heat conducted from the 

boiler is still heating the building, even if it does not transfer to the heating loops in the building. 

The boiler model numbers are: Kewaunee Model KW 4.5-619-GO. 

The boiler burners are model number: KR12-GO. 
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Appendix F – Calculations for water heating comparison 

F.1 Calculating the solar heating contribution 
The solar energy incident on flat plate solar collectors facing south at a tilt equivalent to the latitude 

in Duluth is shown in the table below: 

Table F.1 - Solar radiation on the solar collectors 

Mean solar radiation on a FPSC, facing south, at a 46.5° tilt from the ground in Duluth MN 

Unit Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

(kWh/m2/day) 3.2 4.4 5.2 5.4 5.4 5.4 5.6 5.3 4.5 3.6 2.6 2.5 4.4 

 

 This data was obtained from the United States National Solar Radiation Database [27], which was 

compiled over the years 1991-2005. 

The efficiency and active panel area of the solar collectors was taken from product information 

documents provided by the Viessmann Manufacturing Company, Inc.  This data applies to the 

Viessmann Vitosol 200-F model flat plate collector. 

Table F.2 - Relevant solar collector data 

Value Description Value Unit 

Active area per collector 2.327 m2 

Efficiency of collectors 40 % 

Losses during water transfer 5 % 

 

Using this performance and area data, along with the annual mean solar radiation on the panels, the 

net energy provided by the solar collectors can be calculated for both the 20 panel and 50 panel 

systems. 

Table F.3 - Energy provided by the solar collectors in a TMY 

Average 
daily solar 
radiation 

Number 
of 

collectors 

Active 
panel 
area 

Total 
radiation on 

collectors 

Total gross 
energy 

provided by 
collectors 

Total net 
energy 

provided by 
solar collectors 

Energy 
required for 

domestic 
water 

heating 

Solar 
fraction 

kWh/ 
m

2
/day 

- m
2
 MWh / year MWh / year MWh / year MWh / year % 

4.4 
20 46.54 74.74 29.90 28.40 

494.05 
5.75% 

50 116.35 186.86 74.74 71.01 14.37% 
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F.2 Efficiency of the condensing boilers 
The Viessmann Vitosol solar collectors were paired with Viessmann Vitodens condensing wall-hung 

boilers to provide auxiliary heating when the solar collectors could not supply the entire shower and 

tap water heating alone. 

The specific model used in the calculations in this report was the Vitodens 200.  This model has a 

95.2% Annual Fuel Utilization Efficiency (AFUE) rating.  The AFUE rating is a metric used by the US 

Department of Energy which takes into account the seasonal efficiency of a furnace or boiler. 

 

 

F.3 Calculating the NG use for a TMY 
The four year gas consumption data from the Jail can be seen in the figure below. 

 

Figure F.1 - Total natural gas use over 4 year period at the jail 

As mentioned earlier, there are two gas lines which supply the Jail.  One supplies the boilers and the 

other supplies the kitchen and laundry areas.  The boilers are used exclusively for the space and 

water heating needs of the building, so their consumption is the main focus of this exercise. 

The estimated water heating needs for the jail are presented in the table below8. 

  

                                                           

8
 1 mBTU = 1000 BTU 
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Table F.4 - Hot water consumption and energy requirements at the jail 

Water Flow 
Descriptions 

Water Temps 
Consumption per 

day 
Energy per 

Day 
Energy per 

Month 
Energy per Year 

deg F deg C US gal Liters mBTU kWh mBTU kWh mBTU kWh 

Source Water (from 
city) 

40 4.44 17,514 67,255 - - - -     

Domestic Hot (tap) 120 48.89 600 2,271 400 117 12,189 3,572 146,268 42,867 

Lavatory and Showers 120 48.89 1,500 5,678 1,001 293 30,472 8,931 365,669 107,167 

Perimeter Heating 190 87.78                 

Kitchen 160 71.11 2,000 7,570 2,002 587 60,945 17,861 731,339 214,334 

Laundry 160 71.11 1,700 6,435 1,702 499 36,876 10,807 442,508 129,686 

Total     5,800 21,953 5,106 1,496 140,482 41,171 1,685,784 494,054 

 

All of the water flows were assumed to be the same every day except for the laundry, which is only 

performed 5 days a week.  Because of the jail’s consistent year round use and the assumption that 

the source water temperature is constant, these monthly values could be assumed to be the same 

for all months of the year.  

Using a steady-state boiler efficiency of 80% (see Appendix E) produces the natural gas energy 

consumed to provide this water heating demand. 

                                          

 Where: 

                

 

                        
   

     
 

 Therefore: 

                 
       

   
     

  
        

   

     
 

 

As this water heating load was constant each month, it needed to be subtracted from the total boiler 

energy consumption to isolate the energy spent on the space heating of the building.  The figure 

below shows the natural gas energy spent on the space heating needs, in kilowatt-hours (kWh). 
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Figure F.2 - Monthly natural gas use for space heating over 4 year period 

Naturally, this follows the same pattern seen earlier in the total natural gas consumption figure, with 

increased consumption during the colder months of the year.  In order to develop a quantitative 

relationship between the space heating energy consumption and the climate, data was needed to 

show the temperatures experienced during these 4 years.  The method used compared the total 

heating degree days9 (HDD) of each month to the gas consumption during the respective months.  

The figure below shows the total HDD in each month of the study period. 

 

Figure F.3 - Heating degree days over 4 year period at Duluth International Airport (DLH) 

 

When the gas consumption for space heating was plotted against the total degree days for each 

month of the 4 year period, as a scatter plot, the following figure was produced. 

 

                                                           

9
 An explanation of heating degree days can be found in Appendix A 
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Figure F.4 - Natural gas consumption for space heating vs. heating degree days 

 

                          
   

     
                              

 

The trendline’s equation for this plot is described in the equation above.  The y-intercept value of 

approximately 67,000 kWh (2,286 therm) represents the monthly gas consumption of the boilers 

when no heating demand is required; or, in other words, the standby losses10. 

Using Equation 1 it is possible to determine the heating load for each month of a typical mean year 

by using the heating degree days.  This was done to give a reference level for the existing heating 

system.  This can be seen in the first table in section 4.1 of the Results. 

  

                                                           

10
 Standby loss is a term which describes the amount of energy consumed in order to keep the boiler ready and 

running (“standing by”), even when there is no demand for its heat output.  The need to stand by during 

periods where no heat is demanded may be to improve response time or to keep condensation/oxidation in 

the boilers from occurring. 

y = 133.77x + 66938
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Appendix G – Calculations for the light well comparison 

 

G.1 Existing condition calculations 
To begin the analysis of the original conditions versus a light well capped with the Kalwall skyroof, a 

heat flow analysis needed to be performed.  This analysis would account for the energy flowing 

through the 6 walls that make up the light well, and would include both times when heat is flowing 

out through the building and when heat is flowing into the building. 

 

Figure G.1 - Diagram of existing heat flow in the light well 

Heat flows out of the building whenever the outside temperature is lower than the inside 

temperature; the opposite is true when the indoor temperature is lower than the outdoor 

temperature.  In order to establish the amount of time each year when these conditions occur, 

heating degree days (HDD) and cooling degree days (CDD) were used.  A description of how these 

values are determined is in Appendix A. 

To calculate the heat flowing out through the walls of the light well, the construction of these walls 

needed to be determined, as well as their areas.  This information was collected from architectural 

drawings and building specifications from the original Jail construction.  In some cases, the exact 

materials and manufacturers used were not specified or recorded, so in these cases representative 

values for generic materials were used.  Table G.1 shows the thermal properties of materials and 

components used in the calculations. 
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Table G.1 - Thermal properties of materials and components the Jail’s light well 

Material or Building Component 
K-value R-value U-value 

W / (m K) (m
2
 °C) /W W/(m

2
 °C) 

air 0.024     

bituminous parging (vapor barrier) 0.230     

rigid board insulation 0.027     

Red face brick, 4" thick    
 

12.905 

8" CMU, 115lbs/ft
3
, solid grouted   

 
6.496 

2" thick metal door with insulation   
 

1.987 

2 pane window,  2.5cm air gap    
 

2.839 

surface resistance; inner (Rsi)   0.130   

surface resistance; outer (Rso)   0.040   

 

The K-value represents the thermal conductivity of a material, and is affected only by the 

temperature gradient between the two sides – the value is independent of the thickness.  The R-

value, on the other hand, does take into account the thickness of the material.  The U-value is the 

reciprocal of the R-value, but for standalone components (such as windows and doors), it includes 

the air surface resistance on the inside and outside surfaces.  These surface resistances take into 

account the slight insulation the air surrounding the surface provide. 

Table G.2 shows the properties of the selected Kalwall materials considered for use at the Jail. 

Table G.2 – Kalwall properties 

Kalwall Grade U-value 
Solar Heat Gain 

Coefficient (SHGC) 
Light 

transmission 

Nanogel 0.284 .25 17% 

"medium" 1.306 .28 20% 

 

The solar heat gain coefficient is the amount of the sun’s energy which passes through a material in 

the form of heat.  The light transmission refers to the amount of visible light which passes through a 

material. 

The building materials, constructions, calculated U- (or R) values, and calculated UA-values are 

shown in Table G.3.  Because the solid walls contained more than one layer, their total R value was 

the sum of all the layers.  Additionally, since each wall had a variety of surfaces (windows, doors, 

solid wall), a total weighted U-value needed to be determined in order to calculate the heat flow.  

This was done by calculating the product of the individual surface U value by their individual areas, 

and summing these for each wall.  Once an overall UA (the product of U-value and area) was 

produced for each wall, this could then be divided by the total area to determine the weighted U-

value for the wall.  A sample calculation follows Table G.3.
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Table G.3 - Light well wall dimensions, construction, and heat flow characteristics 

Line # Value Description Unit 
Wall #   

1 2 3 4 5 6 Total 

1 Total width m 1.88 15.60 8.08 11.00 0.84 8.38 - 

2 Total height m 7.62 7.62 7.62 7.62 7.62 7.62 - 

3 Total Area m
2
 14.32 118.84 61.55 83.81 6.39 63.87 348.77 

4 Door Area m
2
 1.87 0.00 0.00 0.00 0.00 2.06 3.93 

5 Solid Wall Area m
2
 8.0 117.5 53.3 77.0 6.4 61.8 324.07 

6 Window Area m
2
 4.42 1.36 8.21 6.78 0.00 0.00 20.77 

7 Material - Concrete (solid) 

Layer 1 8 Thickness m 0.2032 

9 R value (m
2
 °C)/ W 0.15 

10 Material - Bituminous parging (vapor barrier) 

Layer 2 11 Thickness m 0.000635 

12 R value (m
2
 °C)/ W 0.00 

13 Material - Rigid board insulation 

Layer 3 14 Thickness m 0.0762 

15 R value (m
2
 °C)/ W 2.85 

16 Material - Air gap 

Layer 4 17 Thickness m 0.022225 

18 R value (m
2
 °C)/ W 0.09 

19 Material - Brick 

Layer 5 20 Thickness m 0.1016 

21 R value (m
2
 °C)/ W 0.08 

22 Wall #   1 2 3 4 5 6 Total 

23 Door U value W/(m
2
 °C) 1.99 1.99 1.99 1.99 1.99 1.99 1.99 

24 Composite Wall U value W/(m
2
 °C) 0.30 0.30 0.30 0.30 0.30 0.30 0.30 

25 Window U value W/(m
2
 °C) 2.84 2.84 2.84 2.84 2.84 2.84 2.84 

26                   

27 Door UA W / °C 3.72 0.00 0.00 0.00 0.00 4.09 7.81 

28 Wall UA W / °C 2.40 35.12 15.94 23.03 1.91 18.48 96.88 

29 Window UA W / °C 12.54 3.85 23.32 19.26 0.00 0.00 58.97 

30 Overall UA W / °C 18.66 38.97 39.26 42.29 1.91 22.57 163.66 

31                   

32 Weighted U value W/(m
2
 °C) 1.30 0.33 0.64 0.50 0.30 0.35 0.47 

33 Weighted R value (m
2
 °C) /W 0.77 3.05 1.57 1.98 3.35 2.83 2.13 
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G.1.1 Sample Calculation – Weighted U-value 

Consider Wall 1.  This calculation will show how the weighted U-value is determined. 

The total area of Wall 1 (14.32 m2) is found in line 3 under the Wall 1 column of Table G.3.  Of this 

total area, 1.87 m2 is a door, 8.0 is solid wall, and the rest is composed of windows.  In order to 

calculate a weighted U-value for this wall, the different constituents must be accounted for.  Line 23 

shows the U-value for the door, line 25 shows the window’s, and line 24 shows the composite (solid) 

wall’s U-value. 

The composite wall’s U-value is calculated by inversing the sum of the R-values for each layer of the 

wall and the inner and outer surface resistances (see Table G.1).  These R-values are shown in lines 

9, 12, 15, 18 and 21, in the order of construction from inside out. 

 

                   
 

                                        
 

 

To determine the overall “UA” value for Wall 1, the UAs for the door, composite wall, and windows 

must be summed, shown below: 

 

                                                                              

 

This overall UA (which is calculated in line 30) now can be used to calculate the weighted U-value for 

Wall 1: 

                 
                
             

 

 

This has been done in line 32 in the Wall 1 column.  Finally, the effects of all 6 walls can be combined 

into a total weighted U-value for the whole light well.  This value is listed in line 32 under the “Total” 

column and is highlighted in green.  It was calculated as follows: 
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This average, weighted U-value can then be used to calculated heat flow through the light well 

during the year. 

 

G.1.2 Sample Calculation – Heat loss during a year: 

Once a weighted U-value for the whole light well is calculated, it is then possible to calculate the 

heat loss through the light well during a typical year.  The typical mean year data (TMY) provided in 

Appendix A gives the heat and cooling degree days (HDD & CDD) at the Jail for each month.  In order 

to express the energy lost in customary terms, they should have the time unit of hours, and not 

days. 

To make that unit change, the HDD or CDD must be multiplied by 24 to account for the number of 

hours per day.  Additionally, to keep the calculations in the metric system, the degrees must be 

converted from Fahrenheit to Celsius.  The following equation shows these conversions. 

                                      
        

   
 

 
  

 
 

 

Or, for the month of January: 

                                       
        

   
 

 
 
 

 
                  

To calculate the energy lost for the month of January, this can then be multiplied by the overall UA 

for the light well, which was 163.66 W/°C: 

 

                                    
                      

 
 

     
  

          

 

The same calculation can be made for the other 11 months to come up with an annual heat loss 

value.  Similarly, the cooling losses were calculated in the same manner, substituting cooling degree 

days for heating degree days and using the COP of the chiller (Appendix D) to determine the 

electrical energy needed to meet the cooling demand. 
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G.2 Enclosed light well calculations 
Adding a roof to the light well requires a few changes in the calculations to provide heat loss values.  

Since the enclosed area acts as an airgap, there then becomes another temperature which must be 

considered when looking at the temperature gradients which drive the heat flows. 

 

With the existing (open) condition, the heat loss was calculated using the HDD and CDD metric, 

which supplies the temperature gradient between the inside and outside of the building (the inside 

temperature is assumed to be 65°F or 18.3 °C). 

 

Figure G.2 - Diagram of heat flow in the enclosed light well 

With the addition of the airgap, the third temperature (labeled Twell) must be calculated to 

determine the U value of the total enclosed area.  This airgap temperature can be calculated by 

applying and energy balance to the light well space.  This is covered in section G.3.1. 

 

An important point regarding the calculations for the enclosed light well is that any snow which 

might accumulate on the skyroof was not considered when calculating the U-value.  The addition of 

snow on above the skyroof would lower the U-value and reduce heat transmission by convection, 

and would also reduce the greenhouse effect provided by the solar radiation that otherwise would 

have passed through the Kalwall. 

The assumption and base for neglecting this effect was that any snow on the skyroof would need to 

be removed in order to allow light to pass through to fulfill the inmates’ natural light requirements.  
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Therefore, in practice - if not in reality - the skyroof should never have snow on it for any long length 

of time, thereby negating the snow’s effect. 

 

 

G.2.1 Light well area and volume calculations 

The area and volume of the light well are based on roof dimensions as shown below: 

 

 

Figure G.3 – Dimension names of the light well 

 

The roof was sized to cover the light well, and was kept a simple shape for easier calculations.  The 

roof pitch was 1:4 to prevent water build up, though snow removal would likely be necessary during 

the winter. 

The calculations for the relevant areas and volumes were performed as follows: 

 

Kalwall roof surface area: 
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Kalwall roof volume: 

            

 

Well volume (not enclosed): 

                        

 

Total enclosed well volume: 

                   

 

The following table lists the values for these variables which were used for the calculations in this 

report. 

Table G.3 - Dimensions used in light well calculations 

Line Variable Description Symbol Value Unit Value Unit 

1 Area of well floor Awell;floor 113.5 m
2
 1221.3 ft

2
 

2 Height of well Hwell 7.62 m 25.0 ft 

3             

4 Kalwall roof height Hroof 1.4 m 4.6 ft 

5 Kalwall roof width Wroof 5.6 m 18.4 ft 

6 Kalwall roof length Lroof 17.8 m 58.4 ft 

7             

8 Kalwall roof surface area Aroof 221.2 m
2
 2,379.8 ft

2
 

9             

10 Kalwall roof volume Vroof 139.6 m
3
 4,927.6 ft

3
 

11 Volume of light well (no roof) Vwell 864.9 m
3
 30,538.6 ft

3
 

12 Volume of enclosed light well Vtotal 1,004.4 m
3
 35,466.1 ft

3
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G.2.2 Calculation – Energy balance to determine Twell 

The principle behind an energy balance is that for a control volume, the energy going in is equal to 

the energy going out.   

         

 

In the case of the light well air gap area (the green area in Figure G.2), the energy going in consists of 

solar radiation which strikes the roof surface and transmission of heat from the inside facing walls of 

the well. 

 

                                

Where: 

                                           

 And: 

                                 
     

 
 

 

The radiation heat energy being passed into the light well is proportional to the solar heat gain 

coefficient (SHGC).  An estimate was made that approximately ½ of the skyroof’s surface area would 

be in direct sunlight throughout the day, so the roof area is shown divided by two to account for 

this. 

The energy going out of the light well is composed of ventilation losses, and conduction of heat from 

the light well airgap area to the outdoors. 

 

                                    

 

Where: 

                                           

And: 
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Where n is the number of air changes per hour, V is the volume of the inner light well, ρ is the 

density of air, and Cp is the heat capacity of air.  The 3600 represents the number of seconds in one 

hour, as seconds need to be used to convert the units to watts. 

The equations must now be evaluated using the energy balance relationship to determine the value 

of Twell.  This was done in a spreadsheet, the input values of which are shown in the following table: 

Table G.4 – Input values for light well calculation 

Line Variable Description Symbol 
Kalwall 

"Nanogel"  
Kalwall 

"medium" 
Unit 

1 specific heat of air at 20°C Cp 1005 J/(kg K) 

2 density of air at 20°C ρ 1.205 kg/m
3
 

3         

4 air changes per hour (ACH) in enclosed light well  n 0.35 hr
-1

 

  air changes per second in enclosed light well   
  

5 area of Kalwall roof Aroof 221.18 m
2
 

6 
roof volume (from top of building roof to top of Kalwall 
roof) 

Vroof 139.55 m
3
 

7 R-value of roof (Kalwall) Rroof 3.522 0.766 
(m

2
 

°C)/W 

8         

9 total area of light well surfaces (walls/windows/doors) Awalls 348.77 m
2
 

10 volume of light well (no roof) Vwell 864.74 m
3
 

11 average weighted R-value of walls Rwalls 2.131 
(m

2
 

°C)/W 

12 volume of enclosed light well Vtotal 1004.29 m
3
 

13         

14 indoor temperature (assumed constant) Tin 21.1 °C 

 

A few of the inputs need additional explanation:    The air changes per hour (ACH) used is an 

estimate and is the recommended minimum ACH for acceptable air quality for residential living 

spaces according to ASHRAE 62-1999 [28].  It is hard to pinpoint a number without actual testing, 

but this value should serve as a reasonable estimate for an unventilated space that is not entirely 

airtight.  This value was used to represent the case that no ventilation system would be installed 

after the light well was enclosed.  
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Once the temperature for the light well was calculated for both grades of the Kalwall, the heat 

conduction through the interior light well walls could be calculated using the relation below, again. 

 

                                            

 

Additionally, the effective U-value for the enclosed light well could be calculated using the relation: 

 

                     
                  

                 
 

 

These values varied each month based on the incoming solar radiation and the outdoor 

temperature, and they are presented in Tables 8 and 9 in the light well results section (section 4.2). 

 

G.2.3 Determining air change rate for Twell = Tin 

An additional calculation was made to determine the necessary ventilation rate to have the well 

temperature be equal to the indoor temperature of the Jail.  This was solved by setting Twell equal to 

Tin and rearranging the energy balance equation to solve for n, the air change rate.  The rearranged 

equation is presented below: 

 

  

                
     
 

   
     
     

              

                        
 

 

These values are also presented in Tables 8 and 9 in the Section 4.2. 
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G.2.4 Calculation of heating and cooling economic cost changes 

Once the heat conduction through the light well walls was determined (see G.2.2) the economic 

effects could be calculated.  Using the following equation, the amount of energy in kWh passing 

through the light well’s walls during a month was calculated: 

                                            

               
    

     
       

     

   
                          

If the value was positive, this indicated the energy flow created a heating demand, since energy was 

flowing out of the Jail.  Alternatively, a negative energy number meant a cooling demand was 

created as heat flowed into the Jail from the light well. 

 

G.2.4.1 Heating costs 

If there was a net loss of energy from the light well, the additional heating cost was calculated 

according to the following relation: 

                    
                                      

 
   

 

                    
 

The efficiency of the boiler is calculated in Appendix E, and the natural gas cost is in Appendix C.   

 

G.2.4.2 Cooling costs 

Energy Cost 

If heat energy went into the Jail during the month, a cooling cost was calculated by the following 

relation: 

                    
                                     

 
   

 

              
 

 

The COP of the chiller is explained in Appendix D, and the electricity cost is in Appendix B. 

 

Power demand cost 

In addition to the energy charge (in kWh), the Jail is also billed by their monthly demand charge.  

This is the maximum power draw they make during the month.  The COP of the chiller was 
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calculated to be 3.162 (see Appendix D).  This means that for every kW of cooling demand, the 

chiller draws (1/3.162) kW, or .316 kW. 

To determine the demand charge for which the light well’s conduction was responsible each month, 

the following relation was used: 

 

                          

 

  
                                                

                                                 
                

 

This equation calculates the electrical power necessary to meet the cooling demand during the 

cooling portion of an average day each month.  The demand charge is $8, as described in Appendix 

B.  This calculation was repeated for each month and added to the energy cost to determine the 

total cost of cooling the roof’s energy transmission. 

 

Total cooling cost 

The total cost of cooling is therefore the sum of the energy cost and demand cost: 
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G.3 Costs of the skyroof 
The costs for the Kalwall structures are shown in the table below.  The Nanogel grade is significantly 

more expensive than the medium grade, but has a lower U-value.  Both grades were used in the 

analysis to determine if one had a better benefit to cost ratio.  The costs quoted include all materials 

and installation costs. 

Table G.5- Kalwall skyroof costs 

Kalwall grade 
Variable Description Value Unit 

Kalwall roof area 221.2 m2 

Nanogel (U=.28 W/(m2 K) 
Cost per area 1614.59 $/m2 

Investment cost $357,107 - 

Medium (U=1.31 W/(m2 K) 
Cost per area 968.75 $/m2 

Investment cost $214,264 - 

  

If the superstructure that supports the Kalwall material were installed by others, the cost of the 

Kalwall material would be approximately half of those shown above. 

This information was provided by Peter Weum of the W.L. Hall Company, the distributor of Kalwall 

in Minnesota.   
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Appendix H – Calculations for the roofing comparison 
In order to evaluate the cool roof proposal, the baseline heat and cooling load attributable to heat 

transfer through the roof needed to be determined.  This necessitates an understanding of the heat 

flows through a roof.  Figure H.1 shows the heat flows, in steady state conditions, associated with a 

roof. 

 

Figure H.1 - Heat flows through a roof 

As can be seen, the heat supplied by the sun is the input energy into the roof; while radiation, 

convection, and transmission through the roof will remove energy from the roof (this assumes that 

the roof temperature is warmer than the indoor and outside/ambient air temperature). 

The amount of energy which passes through a roof is affected by a number of variables, including 

the following: 

 Amount/magnitude of solar energy hitting the roof  

 The amount of insulation between the roof and the building’s interior  

 Thermal properties of the roof surface, mainly the reflectance/absorbtivity and emittance 

 The convection coefficient of the roof 

 The temperatures of the roof’s surface, the ambient (outdoor temperature), the sky 
temperature, and the indoor temperature 

 The area (size) of the roof 
 

Each of these items will be discussed in this Appendix. 
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H.1 Solar energy incident of the roof 
The average solar energy hitting the surface of the roof for a TMY was needed in order to calculate 

the temperature rise of the roof.  This data was obtained from the United States National 

Renewable Energy Laboratory’s (NREL) National Solar Radiation Database (NSRDB), which was 

compiled over the years 1991-2005 [27].  The table below shows the mean values over this period, 

broken down by month for a horizontal surface, and is the sum of both the direct and diffuse 

radiation. 

Table H.1: Average solar resource by month from 1991-2005 at Duluth International Airport 

 
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual 

Mean solar 
energy 

(kWh/m
2
/day) 

1.64 2.48 3.62 4.95 5.85 6.08 5.80 4.99 3.72 2.19 1.54 1.20 3.67 

Mean hours 
of sunlight 

(hours/day) 
9.8 11.0 12.7 13.2 15.9 16.0 15.9 13.5 13.3 10.5 10.1 9.9 12.6 

Mean solar 
radiation 
(W/m

2
) 

167.5 225.2 284.6 374.1 368.7 380.2 365.4 369.4 279.9 210.0 152.2 121.2 290.4 

 

The last row (Average solar radiation in W/m2) is calculated by dividing the first row by the second.  

This then represents the average solar radiation each day while the sun is shining.  This value is 

referred to as Imean and is used to help calculate the roof temperature in section H.7.2. 

 

H.2 Roof construction 
The roof structure and insulation needed to be determined as the U-value of the roof is an 

important factor in how much energy can be transmitted through the roof.  Figure H.2 shows the 

roof cross section at the Jail with the materials and their thicknesses. 

 

Figure H.2 - Roof construction at the Jail 
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Table H.2 shows the construction of the roof and the insulation values for the whole assembly. 

Table H.2:  Roof construction and insulation values 

Line # Layer Value Description Unit Layer Properties 

1 
Layer 1 

(innermost) 

Material - Precast concrete planks or Tees 

2 Thickness m 0.1524 

3 R value (m
2
 °C)/ W 0.08 

4 

Layer 2 

Material - Styrofoam sloped insulation 

5 Thickness m 0.0254 

6 R value (m
2
 °C)/ W 0.95 

7 

Layer 3 

Material - Polyisocyanurate insulation 

8 Thickness m 0.1016 

9 R value (m
2
 °C)/ W 5.28 

10 
Layer 4 

(outermost) 

Material - 60mil EPDM roof surface 

11 Thickness m 0.001524 

12 R value (m
2
 °C)/ W 0.02 

13 
Assembly 

Composite Roof R value (m
2
 °C) /W 6.34 

14 Composite Roof U value W/(m
2
 °C) 0.15 

 

The R and U values were calculated in the same manner described in the Open Light Well 

comparison.  This can be seen in Appendix G. 

 

H.3 Roofing material properties 
The difference in solar reflectivity of white and black roofs is what distinguishes their energy flows.  

The more solar energy a roofing material absorbs, the hotter that roof will become, and the more 

heat will flow through the roof into the interior of the building.  Table H.3 shows a list of single ply, 

white membranes which are suitable for the Jail’s low-sloped roof. 

Table H.3:  Single ply thermoplastic, bright white membranes for low slope applications; source [29]  

Manufacturer Brand Model name 

Reflectance Emissivity 
Slope 

Application Initial 
3-

year 
Initial 

3-
year 

Carlisle SynTec 
Incorporated 

Sure-Flex White PVC 0.87 0.61 0.95 0.86 Low/Steep 

Sure-Flex Elvaloy  White Elvaloy  0.86 0.70 0.86 0.82 Low 

Sure-Weld  TPO White  0.79 0.70 0.90 0.86 Low/Steep 

Cooley Incorporated 
C3 PVC White  0.86 0.70 0.86 0.82 Low 

CSP TPO - White  0.79 0.72 0.87 0.87 Low/Steep 

Custom Seal, Inc. Custom Seal TPO  45-60-80 mil  0.86 0.68 0.88 0.83 Low/Steep 

Dow Roofing Systems, 
LLC 

Dow Viento (PVC)  White  0.86 0.70 0.86 0.82 Low/Steep 
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Duro-Last Roofing Inc. Duro-Last  White  0.88 0.68 0.87 0.84 Low 

Firestone Building 
Products LLC 

Firestone  
ReflexEON TPO 

White  
0.84 0.78 0.83 0.86 Low/Steep 

UltraPly TPO White  TPO White  0.79 0.68 0.85 0.83 Low/Steep 

Flex Membrane 
International, Inc. 

Flex Roof Membrane  White  0.87 0.76 0.87 0.84 Low/Steep 

GenFlex Roofing 
System, LLC 

GenFlex  White TPO  0.77 0.68 0.87 0.87 Low/Steep 

Mule-Hide Products 
Co., Inc. 

Mule-Hide  TPO-C White  0.79 0.70 0.90 0.86 Low/Steep 

Mule-Hide  PVC  0.87 0.61 0.95 0.86 Low 

Sika Sarnafil Inc. 

Sarnafil  
S327 Energy Smart 

White  
0.83 0.63 0.90 0.86 Low/Steep 

Sarnafil  
G410 Energy Smart 

White  
0.83 0.70 0.90 0.86 Low/Steep 

Sikaplan White  45, 50, 60, 72, 80  0.81 0.62 0.85 0.85 Low/Steep 

Soprema Inc. Soprema, Inc.  Flagon PVC  0.86 0.70 0.86 0.82 Low/Steep 

SR Products SION  - 0.87 0.76 0.87 0.84 Low/Steep 

Versico Incorporated Versiflex  White PVC  0.87 0.61 0.95 0.86 Low/Steep 

Viridian Systems HK 5000/5001  White  0.87 0.76 0.87 0.84 Low/Steep 

Industry average - Single-ply thermoplastic, bright white color, low 
slope application 

0.84 0.69 0.88 0.85 
 

 

From this list of products, an industry average was calculated for the new and 3-year old 

reflectances and emissivities.  These industry averages were used to calculate the proposed roof’s 

thermal performance.  The following table lists the important properties of the existing roofing 

material and a proposed white roof: 

 

Table H.4: Roofing material thermal properties 

Roof Outer material 
Solar reflectance 

(r) 
Emissivity 

(ε) 

Existing Black, 60mil EPDM 0.06 0.86 

Proposed, new White, 60mil 
TPO/PVC 

0.84 0.88 

Proposed, 3-year old 0.69 0.85 

 

 

H.4 The convection heat transfer coefficient 
The one of the modes of heat transfer on the roof is convection, which is heat removed by moving 

air.  The convection rate is determined by the following equation: 
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The term hconvection is called the convection heat transfer coefficient, and accounts for thing such as 

the speed of the air and turbulence in the airstream that passes over the surface.  In natural 

convection of gases, this term is quite small, perhaps 2-25; whereas in forced convection, it can be 

from 25 to 250 [30].  In outdoor or building conditions, it is usually closer to the values listed for 

natural convection. 

To get in the right ballpark for this coefficient, some observational data was used from the Lawrence 

Berkeley National Laboratory’s (LBL) Cool Roof page [17].  They have recorded roof temperature 

increases of 90 °F (50 °C) for roofs with solar reflectance of .05 and emittance of .90, in conditions of 

1 kW/m2 irradiation (Isun) and ambient temperature of 20 °C.  Assuming that surface heat transfers 

are responsible for the temperature increase (i.e. there is no conduction), it is possible to calculate 

what the convection coefficient must have been to produce this temperature rise. 

Starting with an energy balance at the roof surface: 

         

 

Showing the energy flows, but assuming no conduction: 

 

                                              
          

   

 

Solving for hconvection gives: 

            
                           

          
  

     
 

Plugging in the numbers mentioned above, the hconvection term equates to 12.4 W/(m2 °C), or in the 

right range that would be expected of calm conditions with a gas. 

This convection value is used for the rest of the calculations in the roofing comparison. 

 

H.5 Temperatures  
In Appendix A, Table A.1 shows the mean daily temperatures at the Jail by month.  In addition to 

these ambient temperatures, the calculation of the energy balance of the roof also requires the sky 

temperatures. 
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The sky temperatures were assumed to be 10 °C less than the ambient temperatures.  There are no 

definitive sky temperatures available, but LBL uses this offset for their calculations.  Table H.5 shows 

the sky temperatures used in the heat balance equation for the emittance portion. 

Table H.5 - Mean ambient and sky temperatures 

Value 
Description 

Unit Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Average 
ambient temp 

°C -13.9 -10.9 -4.2 3.7 10.4 15.4 18.9 17.6 12.3 6.5 -2 -10.7 3.6 

Average sky 
temp 

°C -23.9 -20.9 -14.2 -6.3 0.4 5.4 8.9 7.6 2.3 -3.5 -12 -20.7 -6.4 

 

For the conduction portion of the balance equation, the indoor temperature needs to be known.  At 

the Jail, the value used was 70°C (21.1 °C).  In reality, the temperature inside the Jail can vary 

depending on internal heat sources and different thermostat settings from room to room, but this is 

a good average temperature. 

 

H.6 Roof area 
As was mentioned in section 1.4.3.1 (Existing Conditions), the area of the roof is approximately 

5,429 m2 (58,432 ft2). 

 

H.7 Calculating the temperature of the roof 
The roof temperature was determined by constructing a heat balance of the roof for each month 

using the monthly average irradiation and ambient and sky temperatures.   

H.7.1 Linearizing the radiation component 

In order to solve for the roof temperature more easily, the radiation component of the heat balance 

was linearized.  The standard radiation equation is: 

                   
      

   

Where the temperatures must be in Kelvin (K = °C+273.15). 

A linearized version of this equation would be 

                                  

A good approximation of hradiation is  
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The table below shows the range of hradiation between different roof temperature values.  Radiation 

heat transfer coefficients were calculated for each month depending on the roof temperature, and 

were refined if large errors were produced. 

Troof Qradiation hradiation Qradiation_linear 

-15 -35.27 4.10 -35.26 

-10 -15.19 4.22 -15.19 

-5 6.07 4.34 6.07 

0 28.56 4.46 28.55 

5 52.31 4.59 52.29 

10 77.38 4.71 77.31 

15 103.81 4.84 103.66 
 

Table H.6 - Tabulation of radiation coefficient values 

 

H.7.2 Roof energy balance 

Starting with an energy balance at the roof surface: 

         

 

Showing the energy flows in general terms, as illustrated in Figure H.1: 

                                               

 

Filling in the expressions for the energy terms: 

 

           

                                                                                  

 

The term on the left side of the equal sign is the energy going into the roof, where Imean is the mean 

solar radiation (W/m2) each month, during the hours the sun is shining (calculated in Table H.1) with 

the reflected portion being accounted for by “r”, the reflectivity of the roof surface. 

The first term on the right side of the equal sign is the heat loss (or gain) due to transmission 

through the roof.  Since the Troof term is directly on the surface of the roof, the exterior surface 
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resistance of the roof must be removed from the U value calculated previously for the roof (Table 

H.2).  The Rso term represents this value, which is .04 (m2 °C)/W (see Table G.1).  This calculates to: 

              
 

 
     

    

   
 

 
   

    
        

   

 
 

 

Solving for the roof temperature gives: 

 

      
                                                              

                                   
 

 

Using this equation, roof temperature values were determined for each month with each of the 3 

scenarios (existing roof, white roof – new condition, white roof – weathered condition).  These 

values and the energy movements associated with each can be seen in Table H.7 on the following 

page. 

The results do not include heating or cooling demand changes on days when there is at least 2.5cm 

(1”) of snow on the roof’s surface.  The typical mean year data for this is shown in Appendix A; Table 

A.1.  The logic behind this step is that when the roof is obstructed by snow, the color of the roof’s 

surface will not affect the surface temperature of the roof. 

Likewise, this is only a comparison of the roofs during daylight hours – the reflectivity of the roofs 

would not have a great effect once the sun goes down, and the emissivity value differences between 

the roofs are very small.
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Table H.7 – Computed values for roof temperature and energy transfer by month 

Roof Value Description Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year Unit 

Existing 

ROOF TEMP -6.8 -1.2 8.8 21.3 27.6 33.2 35.9 34.8 24.7 15.2 3.9 -6.2 16.7 °C 

ROOF TEMP RISE 7.1 9.7 13.0 17.6 17.2 17.8 17.0 17.2 12.4 8.7 5.9 4.5 13.1 °C 

RADIATION IN 2 0 54 488 923 931 918 790 570 339 124 17 4,202 MWh 

EMITTANCE 0.6 0.0 17.8 165.4 335.8 354.6 363.8 308.7 223.5 136.3 52.5 7.4 1495.2 MWh 

CONDUCTION 0.0 0.0 -0.4 0.0 2.7 4.8 6.1 4.8 1.2 -1.6 -2.3 -0.6 -10.5 MWh 

CONVECTION 0.9 0.0 32.3 302.2 568.7 575.2 562.2 485.2 333.4 185.2 63.6 8.4 2,491.9 MWh 

IMBALANCE 0 0 4 20 16 -3 -15 -9 12 19 10 2 56 MWh 

% ERROR 10.3% - 7.1% 4.1% 1.7% -0.4% -1.6% -1.1% 2.1% 5.7% 8.1% 11.1% 1.3% - 

                

Proposed 
(new) 

ROOF TEMP -14.4 -11.2 -4.0 4.7 11.3 16.3 19.7 18.4 12.3 5.9 -3.0 -11.7 3.8 °C 

ROOF TEMP RISE -0.5 -0.3 0.2 1.0 0.9 0.9 0.8 0.8 0.0 -0.6 -1.0 -1.0 0.2 °C 

RADIATION IN 0 0 9 83 157 159 156 134 97 58 21 3 715 MWh 

EMITTANCE 0.3 0.0 7.5 61.5 125.6 130.5 136.5 115.2 95.8 66.9 29.1 4.6 630.5 MWh 

CONDUCTION -0.1 0.0 -0.8 -3.5 -4.0 -1.9 -0.6 -0.9 -2.9 -4.0 -3.2 -0.8 -40.9 MWh 

CONVECTION -0.07 0.00 0.51 16.70 28.43 29.85 25.00 22.67 0.41 -12.47 -11.26 -1.94 36.59 MWh 

IMBALANCE 0 0 2 8 7 0 -5 -2 4 7 6 1 29 MWh 

% ERROR 29.0% - 20.2% 10.0% 4.5% 0.1% -3.0% -1.9% 3.9% 12.7% 30.8% 35.9% 4.0% - 

                

Proposed 
(weathered) 

ROOF TEMP -12.9 -9.2 -1.5 7.9 14.5 19.7 22.9 21.7 14.8 7.8 -1.7 -10.9 6.3 °C 

ROOF TEMP RISE 1.0 1.7 2.7 4.2 4.1 4.3 4.0 4.1 2.5 1.3 0.3 -0.2 2.7 °C 

RADIATION IN 1 0 18 161 305 308 303 261 188 112 41 6 1,388 MWh 

EMITTANCE 0.4 0.0 9.1 77.7 159.3 166.4 173.0 146.3 116.0 77.5 32.3 4.8 958.0 MWh 

CONDUCTION -0.1 0.0 -0.7 -2.8 -2.7 -0.6 0.7 0.2 -2.1 -3.5 -3.0 -0.7 -15.3 MWh 

CONVECTION 0.1 0.0 6.7 72.1 135.3 137.7 131.2 114.1 66.4 26.8 3.1 -0.4 693.1 MWh 

IMBALANCE 0 0 3 14 13 4 -2 0 8 11 9 2 62 MWh 

% ERROR 20.5% - 14.4% 8.7% 4.2% 1.3% -0.6% 0.1% 4.2% 10.0% 20.9% 34.2% 4.5% - 



81 

 

H.8 Converting the transmission heat transfer to monetary costs 
Once the transmission heat transfer through the roof was calculated, it was necessary to determine 

the monetary costs associated with the heat gains and losses. 

 

H.8.1 Cooling costs 

Energy Cost 

If heat energy went into the Jail during the month, a cooling cost was calculated by the following 

relation: 

                    
                    

        
   

                    
 

   
 

              
 

This cooling cost was only applied during the cooling season months (May through September).  The 

definition of the cooling season months is months in which there are typically cooling degree days 

(see Appendix A, Table A.2).  The COP of the chiller is explained in Appendix D, and the electricity 

cost is in Appendix B. 

 

Power demand cost 

In addition to the energy charge (in kWh), the Jail is also billed by their monthly demand charge.  

This is the maximum power draw they make during the month.  The COP of the chiller was 

calculated to be 3.162.  This means that for every kW of cooling demand, the chiller draws (1/3.162) 

kW, or .316 kW. 

To determine the demand charge for which the roof conduction was responsible each month, the 

following relation was used: 

                  

 

  
                                            

                                                                  
 

               

This equation calculates the electrical power necessary to meet the cooling demand during the 

cooling portion of an average day each month.  The cooling portion is defined by the average hours 

of sunlight each day, minus two hours.  Subtracting two hours each day is an effort to exclude the 

early morning hours where the sunlight is not strong enough to create a cooling demand.  The 

demand charge is $8, as described in Appendix B.  This calculation was repeated for each month and 

added to the energy cost to determine the total cost of cooling the roof’s energy transmission. 
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H.8.2 Heating costs 

If there was a net loss of energy from the roof, the additional heating cost was calculated according 

to the following relation: 

             
                    

        
   

                    
 

   
 

                    
 

The efficiency of the boiler is calculated in Appendix E, and the natural gas cost is in Appendix C.  The 

heating cost was considered in every month as there are heating requirements year-round in Duluth 

(see Appendix A, Table A.2). 

  



83 

 

Appendix I – Comfort Systems grant details 
 

Comfort Systems, the natural gas provider for the Jail, began a program in January of 2007 called the 

Commercial/Industrial Energy Conservation Program.  The goal of this program is to help the utility’s 

customers reduce their natural gas consumption. 

Comfort Systems will reimburse the customer 15% of their conservation project’s cost, up to a limit 

of $30,000 of reimbursement. 

In order to qualify for this reimbursement, the conservation project must fit within the program’s 

limitations [31]: 

 Project design costs are not eligible for reimbursement 

 Projects with simple paybacks of less than 1 year are not eligible 

 Projects with simple paybacks of more than 10 years are not eligible 

 Total calendar year grants to a single customer is limited to $30,000 
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Appendix J – Minnesota Power generation data 
The following figure shows the breakdown of MN Power’s electricity sales sources. 

 

Figure J.1 - MN Power generation sources; source [32] 

Below are the air emissions by fuel type: 

 

Figure J.2 - Air emissions by MN Power's power stations; source [32] 
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These values in kilograms per 1000 kWh correspond to the table below: 

Power Source 

% of 
elect. 

energy 
sold by 
MNP 

Kilograms of emissions per 1000 kWh 

Carbon 
Dioxide 

Nitrogen 
Oxides 

Sulfur 
Dioxide 

Particulate 
Matter 

Mercury 

Coal 82.7 1125 1.987 2.794 0.369 2.70E-05 

Purchases 6.91 835 1.808 2.514 0.148 1.96E-05 

Hydro 6.15 - - - - - 

Wind 3.6 - - - - - 

Biomass 0.34 861 1.61 0 0.13 1.14E-06 

Natural Gas 0.3 306 0.97 0 0 0 

MN Power's emissions 100 992 1.777 2.485 0.316 2.37E-05 
 

Table J.1 - Emissions in kg per 1000 kWh 

Calculating the CO2 emissions per kWh based on MN Power’s fuel breakdown was done using the 

following relation: 

               
  

   
  

                                                                             

Applying this relation produced the numbers highlighted in yellow in Table J.1.  The CO2 value of 992 

kg/1000 kWh was used to calculate the carbon dioxide savings that the proposals produced. 
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Appendix K – Natural gas CO2 emissions 
According to the US Environmental Protection Agency (EPA), there are .0546 kilograms of CO2 

emissions per cubic foot of natural gas [33].  If we assume that there are 1000 BTU per cubic foot 

NG, then it is possible to calculate the CO2 emissions per kWh of NG energy. 

               
  

   
   

            
             

 
             

        
 

   

             
 

This calculates to .186 kg CO2 per kWh of energy from burning natural gas.  This value is then divided 

by the efficiency of the Jail’s boilers (80%; see Appendix E) to account for flue losses which require 

burning additional natural gas than the exact heating demand value.  After performing this division, 

the emissions per kWh of natural gas heating are .233 kg.  This number is used for all calculations 

regarding the CO2 emission of natural gas in this report. 

Note: this value is lower than that stated by MN Power (Table J.1) because the efficiency of natural 

gas turbines is less than that of the Jail’s boilers. 

 

 


