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Abstract 

Economic carbon neutrality by 2050 is required to avoid catastrophic climate change. 

New Zero Energy Buildings (ZEB) help, but presuming that all buildings constructed starting in 

2030 are ZEBs, the buildings sector achieves carbon neutrality 30-80 years too late. Case studies 

continue proving the technological feasibility and methods of ZEB funding, construction, 

contracting, and promotion. The remaining barriers to constructing all ZEB are perception and 

market based. Carbon neutrality in the buildings sector requires a ZEB-focused effort on 

evaluating, retrofitting, and benchmarking the completely under-served sector of existing 

buildings. 

This paper documents a journey that began with “Why is the chiller running during 

winter?” Eight years later, after focused and end-of-life investments, the 280,000 ft
2
 Ohio 

History Center museum facility consumes 50% less energy, achieving a deep energy retrofit. 

Combining controls optimizations, planned efficiency investments, and potential capital projects 

could further reduce the EUI towards a ZEB-ready range near 40 kBtu/ft
2
-yr. The facility’s site 

can physically house enough photovoltaics to generate the remaining energy needs for ZEB.  

This story involves an engaged and empowered owner with limited funding and 

motivated staff that approached efficiency through tactical investment, integrated design, and 

deliberate commissioning.  This paper describes a justifiable path for existing buildings to get 

ZEB-ready at no additional lifetime cost and to ZEB status with economically viable renewable 

energy options. The paper aspires to direct the ZEB community’s focus towards existing 

buildings and unlocking their potential. 

Introduction  

If humanity wishes to preserve a planet similar to that on which civilization and life on 

Earth is adapted, paleoclimate evidence of ongoing climate change suggest that CO2 will need to 

be reduced to at most 350 ppm or less (Hansen et al. 2008). The global economy must achieve 

carbon neutrality around the year 2050 (Ackerman 2009) in order to reach 350 ppm by the year 

2100. Such an effort is complicated by a myriad of obstacles, both foreign and domestic. 

The critical necessity of a zero-energy society has been widely suggested and supported. 

The buildings industry now has access to robust ZEB related resources such as, definitions (Pless 

and Torcellini 2010; DOE 2015), case studies and data (ILFI 2018; NBI 2018), certification 

processes, workshops, education sessions, significant quantities of publications at ACEEE and 

other credible conferences. Society has the technical capability (WBDG 2018) to build to ZEB or 

near-ZEB in new buildings. The remaining barriers to ZEB are the perception and market-based 
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barriers that plague energy efficiency (UN IDO 2011) such as risk, imperfect information, 

hidden costs, access to capital, split incentives and bounded rationality.  

If we first presume that the 2030 Challenge is achieved (AIA 2018), second that all new 

buildings and major renovations are carbon neutral by 2030, and third that the current building 

stock turnover rate of 1-2% (Artola 2016; Brown 2005; Diamond 2001) continues, then with 

these aggressive and unrealistic presumptions, carbon neutrality could arrive in the building 

sector between 2080 and 2130. This is well past the necessary time objective.  

Construction of new ZEBs and grid-scale renewables, while critical, are insufficient for 

achieving carbon neutrality by 2050. Achieving carbon neutrality in the buildings sector requires 

a ZEB-focused effort on evaluating, retrofitting, and benchmarking the completely under-served 

sector of existing buildings, which is the focus of the remainder of this paper. 

About Ohio History Connection and the Ohio History Center 

The Ohio History Connection (OHC), is a private nonprofit organization headquartered in 

Columbus, OH. Its mission is to “spark discovery of Ohio history as we embrace the present, 

share the past, and work to transform the future”. OHC preserves Ohio’s cultural heritage and 

makes it accessible to all Ohioans. The organization values authenticity, collaboration, relevance, 

inclusivity, and stewardship as ways for people to connect to this mission. OHC oversees over 50 

sites, comprising over 300 buildings. These tell Ohio’s story, spanning from Native American 

earth mounds to the Neil Armstrong Air and Space Museum. Major renovation projects are 

primarily funded by Ohio capital appropriations, as well as by grants and private donations. 

The Ohio History Center (the Center), the focus of this paper, serves as the OHC’s 

headquarters and was constructed in 1970. Thereafter it was lauded as “the most architecturally 

significant public structure built in Ohio since the State Capitol Building” (Architectural Record 

1971). The building remains one of the premier examples of Brutalism in the U.S. It is an early 

adopter of sustainable design, with a green roof that covers most of the first floor. 

While heralded in its time, the building also presents many challenges. It has 

predominantly cast-in-place concrete walls without insulation and aging equipment – all which 

must serve multiple modern uses. The building houses the state’s collections in the museum, the 

state’s papers in the Archives, and the state Library. With numerous public events and school 

field trips, operating hours and demands are constantly shifting. Yet tight environmental controls 

must be maintained without significant fluctuation, in order to properly care for the collections.  

Progress at the Ohio History Center 

OHC staff have been developing a sustainability program including energy audits and 

conservation projects at the Center and 16 additional OHC sites since 2010. The Center is 

currently pursuing LEED for Existing Buildings: Operations and Maintenance certification. The 

Center received the City of Columbus’s Green Spotlight Award in 2017 and was a Columbus 

Energy Challenge winner in 2016 for reducing energy consumption by greater than 20% in the 

previous year. Table 1 summarizes energy related activities taken at the Center since 2010. 

Many, of these activities were supported by Columbia Gas of Ohio and AEP-Ohio energy 

efficiency programs. 
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Table 1. Activity at the Center 

 

M&V Results 

Evaluating, measuring, verifying, and communicating the results and impacts of energy 

efficiency projects is a critical area of concern to the buildings industry. These topics are 

frequent subjects of publications, especially at ACEEE.  

In 2014, OHC began a process of ongoing utility tracking, which relies on linear 

regression analysis to capture changes in energy and cost data for the Center. Utility data from 

July 2008 to June 2009 is used to establish a performance benchmark. Using subsequent utility 

and weather data, the analysis generates weather normalized performance profiles for monthly 

energy consumption (kWh), demand (kW), and natural gas consumption (Mcf).  

Since the benchmark period, the Center has reduced annual electricity consumption, 

electrical demand, and natural gas consumption by 51%, 34%, and 49% respectively. Further, 

total combined annual energy costs have reduced by 50%. At current energy cost rates, this is 

about $221,000 per year in savings. All of these values have been weather normalized for use in 

forecasting expectations into future years using TMY3 weather data. 

 

Time Period Activity

2010 - December Chiller disabled in winter. $19,000 in annual savings measured

2011 - Fall ASHRAE Level III energy audit of the Center

2012 Low cost opportuniites from the audit are implemented;  lighting replacements begin

2013 - Summer Retro-commissioning study, demand control ventilation, AHU scheduing, economizing

2013 - 2014 Hot water plant replacement: boilers, pumps, variable speed pumping control

2014 All halogen or incandescent exhibit floor lighting replaced with LED

2014 - 2015 Chilled water plant raplacement includes aggressive commissioning and life-cycle analysis

2015 - Autumn Building automation system comprehensive upgrade, controllers for major equipment, etc.

2016 - Spring Plug load reduction campaign and automated settings on computers, printers, and copiers.

2016 - Summer AHU filter replacement with high-efficiency and higher MERV

2016 - Autumn Ventilation upgrades to AHUs for new space programming. New HVAC for security room

2016-2018 LEED EB certification process (not yet certified) including ongoing commissioniong

2018 Exterior lighting HID to LED project being finalized

2018-2020 Scheduled renovation for facility's aging AHUs
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Figure 1. Benchmark vs Projected Energy Performance and Costs 

Ongoing tracking has also allowed the quantification of ongoing savings. Due to 

fluctuating utility rates, this requires ongoing comparison of building performance against the 

benchmark, with the generation of cost savings on a monthly basis. The most recent tracking 

report, using data through September 2017, captured and communicated the major milestone of 

over one million dollars in energy cost savings cumulatively since the benchmark period. Since 

the benchmark period, changes in utility costs were striking. Natural gas costs plummeted nearly 

50% and changes in electricity rate structures increased combined electricity and electrical 

demand costs by roughly 66%.  

Understanding these changes, both in energy and energy costs over time, is critical to 

more completely understand the impact of energy efficiency investments at the Center. First, 

natural gas consumption has been reduced by 49%, yet the facility spends about 78% less on 

natural gas. Second, electricity consumption has been reduced by 51% but the facility spends 

only 6% less on electricity. Third, electrical demand has been reduced by 34% but the facility 

spends 51% less on electrical demand. Thus, communicating solely energy or solely cost savings 

misrepresents the impact that OHC staff have had on the Center. Considering both energy and 

cost changes ensures that successful implementation of energy efficiency and market forces are 

both considered and understood by those with the power to navigate an organization’s economic 

environment. We provide graphical representations of electricity and natural gas consumption 

and cost trends over the analysis period in the following two figures. 
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Figure 2. Change in Energy Consumption over Analysis Period by Meter 

 

Figure 3. Change in Energy Costs over Analysis Period by Meter 

How Did OHC Accomplish a Deep Energy Retrofit? 

The center’s eight-year journey, fueled by internal champions, intelligent planning, 

unbiased technical advice, and integrated commissioning, achieved the equivalent of a deep 

energy retrofit. Energy-efficiency investments at the Center were sensible, using proven 

industry-accepted technologies and focusing on controls optimization. During capital projects, 

energy-efficiency improvements were, at most, incremental costs to the existing project, 

supported by lifecycle cost analysis, except in the case of short-term payback lighting projects. 

Internal Champions 

The staff of OHC’s Historic Sites and Facilities group are curious, compassionate, and 

engaged. This group’s culture is to ask questions, to continuously improve OHC’s infrastructure 

through operational changes and targeted investment.  

Intelligent Planning 

OHC staff uses the advice they receive to effectively leverage existing capital budgeting 

cycles and end-of-life equipment replacements to invest in energy-efficiency in an incremental 
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way, rather than always investing in efficiency for efficiency’s sake. It is important to note that 

any significant non-lighting project presented in the previous section was a capital project 

already budgeted and scheduled for in the OHC master capital plan. Thus, when significant 

funding was spent to upgrade the boiler and chiller plants, energy-efficiency improvements were, 

at most, incremental costs to the existing project, supported by lifecycle cost analysis. 

Unbiased Technical Advice 

The presence of unbiased technical consulting helped OHC to navigate a complex 

environment of understanding what could and what did impact energy use at the Center. For a 

non-profit with limited funding, it is critical to cost-effectively maximize energy cost savings 

from projects to relax pressure on operating budgets. Thus, Historic Sites and Facilities staff 

have relied on unbiased technical consulting since the 2011 energy audit to identify and 

understand how OHC funds are being spent, how funds can be spent more effectively, and what 

the results of efforts have been.  

A significant quantity of projects with energy-efficiency goals at public facing 

institutions like OHC in Ohio are installed by biased performance contractors. Urbatsch and 

Boyer’s (2016) study of project realization rates support a rule of thumb to conservatively expect 

about half of the energy savings that the ESCO estimates. When, not if, energy cost savings do 

not manifest, the funds are taken from other budgets, negatively impacting the organization. 

Luckily, debt-related financing options are not an option for OHC. 

Integrated Commissioning (Cx) 

Historic Sites and Facilities staff have learned to use the Cx process to incorporate 

stakeholder engagement during project management in an unbiased manner. A summary of 

critical leverage points include: 

 

● Owner’s Project Requirements (OPR): The OPR is ideally developed early in design, sets 

the project scope for Cx, and is a clear declaration to the design team. An ideal OPR 

contains energy and sustainability goals, economic decision making criteria, a directive to 

create a Basis of Design, etc. A robust OPR aligns consultants, designers, and contractors 

with the owner’s vision and helps to creates contractual buy-in. 

● Lifecycle Cost Analysis: Building owners tend to select least first-cost equipment, 

ignoring the financial impact of utility incentives, energy costs, and operational costs. 

Ambitious owners can be sold expensive options where incremental costs may not be 

justified. Life cycle cost analysis allows investments to be made with clarity. 

o During the chiller project, OHC along with the Cx and design teams collaborated 

during chiller selection. Lifecycle cost analysis of eight chillers identified the 

selected chiller as the lowest ownership cost over twenty years, significantly out-

performing the least and greatest cost options. 

● Design and Construction Review: Embedding Cx early in design allows for the greatest 

impact, helps make cost-effective decisions, and identifies capital cost reduction 
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opportunities
1
. It also helps to avoid potential construction issues like poorly defined 

sequences of operations. After design, Cx provides a final chance to review permanently 

installed equipment submittals.  During construction, robust functional testing ensures 

that the owner receives the building that it had designed and has paid for. 

● “Systems Manual” as Hand-Off to Facility Staff: High-efficiency facilities become the 

responsibility of facility staff to operate efficiently. Systems manuals are intended to 

instruct facility staff on efficient operation and maintenance. They serve as a “cheat-

sheet” for facility staff to navigate project documentation, to understand both design and 

operational intent. Systems manuals also assist as a training tool for facility staff. 

A Viable Path to ZEB or Net-Zero Emissions 

While OHC has not yet decided to pursue ZEB or net-zero emissions, this feasibility 

study was conducted to generate the necessary analysis to inform such a decision. 

The Center’s weather-normalized site energy use intensity (EUI), commonly defined in 

kBtu/ft
2
-yr, has been reduced from around 95 in June of 2009 to about 55

 
in October 2017. The 

following figure displays the Center’s actual weather-normalized EUI over time, the ZEB-ready 

goal
2
 of 40, and a theoretical future EUI reduction based on combining controls optimizations, 

already identified efficiency investments, and potential capital projects. 

 

 

Figure 4. Change in EUI over time 

We calculate the necessary PV to achieve ZEB or zero-emissions for three scenarios, 

each using a different industry definition. In a typical
3
 future year, the Center’s will consume 

2,117,849 kWh of electricity and 8,510 mmBtu of natural gas. The Center’s energy use is first 

lowered using a ratio of the target EUI of 40 to current EUI of 55. These calculations then 

                                                 
1
 For example, during the hot water plant upgrade, Cx was able to guide the design team towards a 

significant reduction in capital cost by reducing unnecessary boiler capacity, more than paying for the Cx cost.  
2
 According to NBI (2018), the median gross site EUI of verified ZEBs is 18 and is 24 for emerging 

projects. The 80
th

 percentile of the emerging ZEB EUI data set is approximately 40. Thus, a facility with an EUI 

approaching or below 40 with access to enough on-site renewable energy generation is a reasonable ZEB candidate. 
3
 Based on using TMY3 data to drive a multi-variable change-point, statistical regression model. 
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convert natural gas to electricity first by using an approximate average existing combustion 

efficiency of 90% to determine the facility’s actual heating need. 90% is based in on-site 

observations of the Center’s condensing boilers, which do not always condense. Based on these 

calculations, for the most conservative conditions, the center needs over 2.5 MW of PV. The 

more likely range of PV need is between 1.5 and 2 MW 

NREL’s PVWatts allows the user to draw a PV system on a site
4
. Per analysis using 

PVWatts, the Center’s parking lot could house over 6,000 kW. Thus, a parking lot canopy PV 

system would only need to cover between about 25-33% of the Center’s parking lot to achieve 

any of these scenarios. 

 

Table 2. PV Requirements for three scenarios
5
 

 

Converting Natural Gas to Electricity – A Necessity for Carbon Neutrality 

Scenario 3 is critical to discuss due to the long-term impacts of how the buildings 

industry defines ZEB, net-zero energy, etc. Following the DOE or net-zero emissions definition 

in the near term allows society the temporarily flexibility to offset the emissions impact of 

natural gas or other fossil-fuel consuming equipment that has already been invested in and still 

has measurable useful life. This is especially true while renewable energy makes up such a small 

percentage of overall consumption. 

Natural gas equipment is typically replaced every 15-50 years. Thus, facilities being built 

or renovated to ZEB or net-zero emissions standards are allowed to invest in equipment that will 

always emit CO2. If the cost of natural gas remains relatively inexpensive, it is reasonable to 

presume that society will always emit a minimum amount of greenhouse gasses. This works 

directly against the goal of carbon neutrality by 2050, unless humanity is able to completely 

sequester this “carbon floor”.  

                                                 
4
 The Center’s address is 800 E. 17

th
 Ave. Columbus, OH 43211, the analysis is easy to re-create. 

5
 Pertinent to scenario 3c: During the replacement of the Center’s boiler plant in 2013, preliminary 

budgetary estimates eliminated a central ground-source heat pump chiller plant from consideration. After the useful 

life of the Center’s central boiler and chiller plants, likely before 2050, such a system may be re-considered with 

ZEB or zero-emissions in mind. 

Scenario
PV Required 

(MW)
Scenario Description

1 1.7 ZEB per the DOE Common Definition

2 1.5 Net Zero Emissions (Pless and Torcellini 2010)

3a 2.6
ZEB / Net-Zero Emissions with  Natural Gas Conversion to Electric using a COP 

of 1 to represent electric resistance heat

3b 1.9

ZEB / Net-Zero Emissions with  Natural Gas Conversion to Electric using a COP 

of 2 to conservatively represent a mid-range heat pump system backed up 

seasonally by electric resistance heat

3c 1.7

ZEB / Net-Zero Emissions with  Natural Gas Conversion to Electric using a COP 

of 3 to conservatively represent a higher-efficiency and better controlled heat pump 

system, possibly ground-source with less average electric resistance backup heat
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Thus, conversion of fossil-fuel combustion equipment to electric, must at a minimum, be 

considered and possibly required as these definitions evolve. RMI (2015) offers a suggestion of 

one possible route by enhancing the conversion factors used in the DOE definition to “create a 

strategic feedback loop as zero-energy buildings begin to comprise a significant portion of the 

building stock and interact with the grid. In a future grid that is dominated by renewables, the 

source energy conversion factor for electricity should be correspondingly reduced, encouraging 

more ZEBs to run on renewable electricity. A critical mass of smart buildings on the grid can, in 

turn, offer demand flexibility services back to the highly-renewable grid, balancing against 

intermittencies of solar and wind power.” 

   

Could a Power Purchase Agreement be the Solution? 

PV installation costs have decreased significantly over the past decade. Due to a 

combination of current PV prices, economy of scale of large installations, presence of federal tax 

incentives, and accelerated depreciation, power purchase agreements
6
 (PPA) have become a 

prevalent method of installing PV. A PPA allows a third party to own, finance, and install the PV 

system and sell the electricity while taking advantage of accelerated depreciation, tax credits, or 

low-interest financing. Organizations like OHC cannot take advantage of these benefits alone.  

From a strictly cash perspective, a PPA is basically a higher-interest loan. However, a 

PPA offers more specific benefits such as not counting against an organization’s borrowing 

capability, not appearing as an accounting debt, the simplicity of just buying electricity, and 

placing the risk of system installation, maintenance and production on a different entity. 

A PPA offers one of the least-risk options for installing PV and can be structured to be 

cash-flow positive from the onset. However, PPAs can require an up-front down payment based 

on the organization’s credit and other factors. Where a down payment is not required, a PPA can 

allow an organization to have no cash outlay for the system. When a down payment is required, 

the organization must expend capital towards the system installation and should experience a 

reduced price of energy from the system over the contractual term. 

Figure 5 contains a simple and high-level 30-year cash-flow to illustrate the potential 

significance of a PPA for the Center. The cash-flow calculations do not account for net-present 

value, which should enhance the PPA favorability. This analysis presumes a 2 MW PV array, 

which might cost $2.5 million per MW to account for the unsubsidized cost of covered parking 

structures. The analysis also uses a starting electricity cost of $0.08 per kWh, 1,241 kWh 

produced per kW per PVWatts in Columbus, OH, and a utility escalation rate of 3%. Further, we 

presume that OHC retains and retires all renewable energy credits (RECs) associated with the 

on-site PV system. Many other factors can and will impact this analysis for a real system, which 

should be based on competitive quotes. We explain each line in the figure further below: 

                                                 
6
 A PPA is legal agreement that should be analyzed to ensure that the technical calculations, financials, and 

legal terms are sound and do not place unnecessary risk on the organization. There are many potential terms and 

conditions in PPA agreements that can be used to assign risk to either entity in the contract and these should be 

completely understood before a PPA is pursued. 
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 Cash Payment: The Center pays the full unsubsidized system cost and recoups the utility 

savings. An inverter replacement occurs at year 15 for 5% of the system cost. Due to tax-

exempt status, this scenario does not include federal tax or depreciation benefits. 

 Loans 1-3: Portrayed in orange with different dashes. These are 30, 20, and 15 year terms 

at 3%, 4%, and 5% interest respectively.  

 PPAs 1-3: Portrayed in blue with different dashes. These are 30, 20, and 15 year terms at 

2%, 3%, and 4% cost escalation rates, starting at $0.06, $0.075, and $0.09 per kWh 

respectively. No buy-down clause is considered. 

 

 

Figure 5. Solar Financing Cash-Flow Estimates 

Conclusions 

The Ohio History Center’s eight-year journey of investment in cost-effective and 

incremental energy efficiency has resulted in a facility efficient enough to reasonably pursue 

ZEB status. Financing mechanisms exist to generate enough renewable energy on site in a cash-

flow positive or neutral manner. If implemented, this would allow the facility to achieve ZEB 

status. This would make the facility one of the largest verified examples known to the zero 

energy community (NBI 2018).  

The Ohio History Center’s progress is also notable for other reasons. Past and future 

investments in energy efficiency and renewable energy projects are economically attractive and 

effective even in a relatively low utility cost region like Ohio. The facility did not invest in 

rocket science or make major capital investments solely for efficiency’s sake. This facility, built 

a half-century ago, is not unique in its potential. It is imperative that the buildings industry search 

for, invest in, and promote case studies like this one to accelerate the pace towards economic 

carbon neutrality. 
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