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Architect’s Guide to Ultra-Low-Energy 
Buildings, Microgrids, & Direct Current

EXECUTIVE SUMMARY
This Guide was prepared to assist architects (and other building professionals) in navigating rapidly emerging design issues associated with 
decarbonization (with its companion: electrification) and resilience. Decarbonization and resilience are larger than the buildings sector–but 
buildings are a big player in society’s efforts to accomplish both objectives. It is reasonable to state that buildings will be a powerful tool in our 
collective efforts to decarbonize the way we live on planet Earth. At the same time, more clients are asking that their buildings provide respite 
from natural and human-made incidents that would historically have made buildings unproductive and/or uninhabitable. If buildings are to 
be both a tool and a solution, then architects must be actively involved.

This Guide is aimed mainly at smaller-scale residential buildings but many of the concepts expand to all buildings. Specific recommendations 
presented herein are based upon research conducted via numerous case studies (see the associated Case Study Report) focused on a typical 
existing neighborhood in Milwaukee, Wisconsin. A recurring theme in these case studies is the effect of building enclosure stringency (acting 
as a surrogate for overall building energy efficiency) on the ability to effectively reach decarbonization and resiliency goals. A key takeaway 
from this research is that building enclosure is a critical first step in decarbonization and resiliency. Ultra-low-energy buildings greatly facilitate 
reducing carbon emissions from building operations and greatly improve the opportunity for resilience of the building electrical system and 
connected devices.

Two other key themes explored in this research, and discussed in this Guide, are microgrids and direct current (DC) power. Microgrids allow 
us to deal with big problems collectively rather than individually. There appears to be a goldilocks scale for power systems that is smaller 
than existing macrogrids yet larger than individual building nanogrids. Microgrids are discussed in this Guide and explored in the associated 
case studies. Buildings are becoming hotbeds for DC devices and equipment. The most commonly distributed renewable resource, solar PV, 
produces DC power. Therefore, possibilities for synergies between DERs (distributed energy resources) and DC building loads curated through 
microgrids are considered in this Guide and the case studies.

Read this Guide for an introduction to ultra-low-energy buildings, microgrids, and direct current. Read the Case Study Report in this document 
for detailed information on how these building design tools interact with each other and with other design variables (such as electric tariffs, 
batteries, electric vehicle charging, smart controls) on the road to resilience and reduced emissions. 
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1. INTRODUCTION
1.1 A Brief History of the Grid
Electrical grids have been a part of daily life for urban 
North Americans for over 100 years. Rural electrification 
efforts extended the scope of these grids to most 
homes about 50 years ago. When electrical grids 
work as intended, they are fundamental support 
systems that reside in the background of our regular 
routines. When they fail (as they occasionally do) 
they can become headline news or the cause of 
local inconvenience and economic loss—because so 
many of our daily activities revolve around access to 
dependable and affordable electric power.

Electric power is a recent addition to humankind’s 
energy arsenal. The first commercial electric grid in 
North America was established in 1882 in New York 
City and was supplied by electricity generated by 
steam-powered generators located in the Pearl 
Street Station. This first grid, Figure 1, served around 
90 customers and provided them with 110 V DC (direct 
current) power1. How things have changed.

Today, essentially all residents in the US (except in 
very remote locations) have access to grid-based 
electricity,and rely on it to carry out almost all day-
to-day tasks. The 90 customers in a small part of 
Manhattan have grown to 140 million customers 
nationwide served by 1600 utility companies 
organized into 3 mega-grids and overlapping 
coordinating grids (as shown in Figure 2)2.  As a result 
of the monopoly status granted to electric utilities 
during the early days of electrification, the “grid” is 
expected to provide all customers with dependable 
electricity 24/7/365. This is a formidable challenge 
that involves the orchestrating of diverse power 
generation resources, tracking and forecasting of 
consumption, and brokering of power exchanges.  

This growth and success of the electric grid was made 
possible by the choice of an AC (alternating current) 
distribution standard (promoted by Nicola Tesla 
and George Westinghouse) instead of the original 
DC Edison grid. AC distribution permitted the use 

of transformers to raise and lower system voltages 
which was a critical feature for the distribution of 
energy from central power plants. Higher voltage 
reduces energy losses during transmission across 
long distances, lower voltages accommodate the 
building uses we’ve become accustomed to (such as 
120 V toasters). The ability to easily change voltages 
has served both utilities and customers well–and AC 
loads came to predominate in buildings and is what 
is delivered by the macrogrid. But,there are still many 
benefits to the original DC grid which will be outlined 
later in this report.

1.2 What is Changing?
The electrical system in North America has worked 
quite well for over a century. So why worry? What is 
changing? And why is this an architectural concern?

The demand for electricity continues to grow 
with increases in population and an apparently 
inexorable love affair with electrical appliances, 
gadgets, and spending time inside in conditioned 
spaces. Figure 3 illustrates this growth—which has 
not been dampened much by improvements in 
energy efficiency for buildings, equipment, and 

appliances. Although per capita use of electricity 
has been mitigated mainly through the intervention 
of energy efficiency measures (including building 
enclosure improvements, see Figure 4), total 
electricity use has continued to grow. This existing 
growth may be accelerated by several emerging 
trends–including the increasing numbers of electric 
vehicles and associated charging stations alongside 
electrification of building loads for heating and hot 
water. While this give and take between efficiency 
and new uses is happening, there is also a marked 
change in the fuels used to generate grid electricity– 
as seen in Figure 5.

The existing growth in US (and global) consumption 
of electricity may be further energized by several 
social and political trends that notably include 
decarbonization, electrification, and resilience. All 
three of these trends are recognized by the building 
design professions, including the AIA (American 
Institute of Architects), with decarbonization and 
resilience leading to the promulgation of official 
position statements and resource packages by 
the AIA and ASHRAE (American Society of Heating, 
Refrigerating, and Air-Conditioning Engineers). These 
trends are further described below.

Fig. 1. Extent of the First Electric Grid in the US, 
essentially a Microgrid.1

Fig. 2. North American Power Grids2
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1.2.1 Decarbonization
Decarbonization is the reduction of carbon dioxide emissions through the use of low carbon power 
sources, achieving a lower output of greenhouse gasses into the atmosphere6. The term “carbon” 
is usually used as a surrogate for the larger issue of greenhouse gasses. Serious decarbonization 
efforts must include concern for both operations-based carbon emissions (presumably to be 
reduced by the development of a renewable-energy-dominated grid) and also concern for the 
carbon emitted by the fabrication and installation of building materials and equipment7. The AIA 
has adopted a commitment to decarbonization and developed a tool kit to assist designers in doing 
so8.  ASHRAE has recently engaged in decarbonization through publication of a public policy brief 
and establishment of a decarbonization task force9, 10. The design professions are being challenged 
with the difficult task of decarbonization, and the more tools available to accomplish this task the 
better–including an understanding of the role that buildings can play in grid decarbonization and 
the transition to a clean electrical grid.

Fig. 3. Patterns of Growth in Retail Electricity Sales in Three 
Market Sectors.3

Fig. 4. Patterns of US Per Capita Electricity Use.4

Fig. 5. Transition of US Electricity Generation Sourcing5 by Fuel Type. Combined past data and 
future projected data through 2050 data. Note more than a doubling in contribution from 
renewable resources from 2020 to 2050.  Source: Energy Information Administration (EIA)
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1.2.2 Electrification
Electrification is defined as the conversion of a 
machine or system to the use of electrical power 
and is a tool in the quest for decarbonization. In the 
current context, this involves converting natural gas 
and fuel heating end-uses in buildings to electric 
such as space heating, water heating, cooking, and 
clothes drying. This also includes the conversion of 
gasoline-powered vehicles to electric vehicles. 

There are clear signals from numerous U.S. entities 
that electricity is considered to be the future of energy 
and the time to start down the path to electrification 
is now.11 12 13 The rationale for electrification is that 
electricity can be “clean” from a carbon emissions 
perspective by transitioning away from coal, oil, and 
gas power plants and internal combustion engines 
and toward electricity produced from solar and 
wind resources. Heating with natural gas/propane 
or driving with gasoline is and will be inherently non-
renewable and carbon-laden.

This desire (becoming a policy in some jurisdictions) 
to shift energy sources will involve the building sector 
through conversion of space heating with gas (or 
fuel oil) to heating with electric heat pumps (which 
also provide cooling). The same is true for the heating 
of domestic hot water. Plug loads are inherently 
electrified; lighting loads have been electrified for the 

last 100 years. Energy for transportation will overlap 
with the design of buildings through the provisioning 
of electric vehicle (EV) charging stations in a range of 
building typologies. The more electricity we use, the 
more electricity that must be supplied by the existing 
grid (placing stress on utilities) or by buildings-based 
renewable resources (placing focus on designers).

1.2.3 Resilience
Conceptually, resilience is the ability of an entity to 
withstand an assault from a reasonably predictable 
adverse event and continue operating and providing 
expected services and/or to recover quickly after a 
pause to reset. Buildings are increasingly expected to 
be resilient in the face of extreme events—especially 
those that seem to now be the norm with climate 
change, such as 100-year rains and record winter 

ice storms. We also expect our utility networks to be 
resilient. The resilience of the electric grid  can be 
enhanced by appropriate building design decisions, 
while the resilience of buildings can be enhanced by 
a resilient electric grid. These issues are interrelated, 
as the grid was designed with the specific goal of 
reliably operating buildings. As with decarbonization, 
both the AIA and ASHRAE are on board with design 
for resilience. 15, 16, 17

Add to this list worries about the national or regional 
security implications of relying on large-scale grids. 
Such concerns about bad actors or bad weather 
generally lurk in the background but occasionally 
draw public attention.19, 20, 21, 22 

Economic resilience can be provided during normal 
building and grid operations by reducing vulnerability 
to spikes in fuel prices passed through the macrogrid 
through the use of locally generated clean electricity.

1.2.4 Direct Current
On top of these trends, the very nature of electric 
loads is changing. In the early days of the electric grid, 
most loads were from alternating current devices—

From landmark federal 
electrification investment 

proposals, to major automakers 
electrifying their offerings, to utilities 
rolling out EV charging networks, to 
cities phasing out gas infrastructure 
while electrifying buildings, 
electrification became an unstoppable 
part of America’s future in 2021."14

Buildings represent nearly 
40% of annual greenhouse 

gas emissions. We know that to 
reach the decarbonization targets 
set by the Paris Agreement, we must 
do more. From energy use to the 
materials specified, there are many 
opportunities for the architectural 
community to make a significant 
impact on reducing carbon 
emissions across the industry."7

Decarbonizing the grid and 
electrifying everything is one 

of the fastest ways to reduce U.S. 
greenhouse gas emissions, creating 
compounding decarbonization 
impacts with every new building or 
vehicle running on an increasingly 
clean grid."8

Resilient design places architects at the center 
of the solution, with particular emphasis on the 
private, non-governmental sectors. I would like to 
congratulate my fellow leaders in the design and 
construction sector for joining together to make sure 
resiliency is not viewed as just a fad but remains 
front and center in our efforts moving forward.” 15 

—  Robert Ivy, AIA EVP/CEO

"Building electrification is the ticket for entry, and 
where smart grids can meet smart buildings, we 
can decarbonize the grid, says Michael Frank, vice 
president of engineering and design for McKinstry. 
We need buildings to play a big part. We can’t get 
there from the utility side alone."5
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explained by the fact that the grids providing 
electricity to the loads were AC. Building loads are 
changing to inherently DC loads—for LED lighting, for 
consumer appliances, for computers. A 2016 article 
in Applied Energy reported18 that “around 50% of the 
energy presently used in buildings is either consumed 
as DC in electronic loads or passes through a transient 
DC state as a means of motor control…” Conversion 
of grid AC to DC for a majority of loads is inefficient—
even more so if some of the building power is from 
an on-site PV (photovoltaic) system, which natively 
produces DC power.

Thus, we have a variety of factors that individually 
and collectively provide more than adequate food 
for thought about how we heat/cool our buildings, 
heat water for showers and cooking, design building 
enclosures, and enjoy the benefits of electrified 
automation of chores.  How we power our daily lives, 

and the actions of many individuals can and will 
impact the transition to a resilient, decarbonized future.

1.3 The Winds of Change
Figure 6 attempts to capture a sense of the 
technologies and forces that are currently—and 
will likely in the future—influence thinking about the 
relationships between buildings and electric grids. 
These influencers can be broadly thought of as 
load modifiers, load disruptors, load aligners, and 
design priorities/outcome filters. These categories 
are informal and somewhat amorphous but can help 
assign value to the many influencers that have been 
and will be acting on building loads as a result of 
changes in building design.

A load modifier is best described as a technology 
or design approach that incrementally changes the 
magnitude of electrical loads in a building. Examples 

of load modifiers include LED lamps, Energy Star 
appliances (such as high efficiency refrigerators), 
better windows, the use of ERVs/HRVs (energy 
recovery ventilators/heat recovery ventilators) 
and the like. Load modifiers typically act to reduce 
electrical loads—and may be adopted into a 
building by a change in code, by a change in product 
availability, or by a change in culture (economic 
or social). Load modifiers have in recent decades 
allowed the U.S. per capita use of energy to remain 
flat (Figure 4), while the collective use has increased 
(Figure 3). Load modifiers have bought the grid some 
time; and will likely continue to do so in the near future. 
Modifiers included in the Milwaukee Case Study 
include varying building enclosure efficiency levels.

A load disruptor is a trend that substantially impacts 
the load profile (see section below) of a building. 
With widespread adoption, it also significantly 

Imagine the electric grid as a small-town restaurant service that is open 
24/7/365.  The restaurant is built with the capacity to serve the whole town of 
1000 customers at once. That “rush” typically comes on weekends at dinner 
time. Other times, like at 6am, they may only be serving 50 customers. 

In order to plan for the dinner rush, the restaurant must have the infrastructure 
(space, tables, kitchen/cooktops, equipment, cooking staff, serving staff) to 
serve 1000 customers. When it needs to serve all 1000 customers, all staff must 
work, and some of those staff had already fulfilled their weekly quota so now 
you’re paying overtime. This is similar to how the grid has to plan to meet peak 
demands, and this is why meeting peak demands is expensive – it requires 
utilization of the most expensive resources.

The introduction of high-performance buildings to that grid, that have lower 
peak loads, is like reducing the “peak” amount of customers that the restaurant 
serves. For example, if the peak number of customers the restaurant now 
needs to serve is 500, then the seating space can be half the size, cut down 
on infrastructure costs, staffing costs, kitchen space and equipment, etc to 
meet that same rush period. And if there are never significant steep increases 
of customers arriving, it’s like low-load buildings that don’t see significant 
variation in power needs throughout the day.

 

Removing the option for walk-ins and ONLY taking reservations, allowing up 
to 250 customers to dine at once, for four select, 60 minute periods (4-8pm) 
is like load shifting or load alignment. In this case, the restaurant now can 
reduce said infrastructure and staffing by a fourth compared to the baseline.

Allowing all staff (cooks, servers, etc) to schedule themselves for shifts and 
take breaks whenever they want is like the introduction of renewable energy 
resources into the electric grid. Creating “warming stations” for food once it’s 
ready for customers is similar to implementing energy storage, for aligning 
supply with demand. This can allow the cooks to stage the preparation of 
meals for the peak customers, and allow wait staff to service more tables 
than if the meals needed to be delivered directly to tables with no time lag.

Allowing the customers to coordinate / share (think “family style meal” 
or splitting the last roll at the dinner table) between one another is like a 
coordination of smart loads or “DER”s (distributed energy resources). New 
advancements in technology are creating opportunities for bottom-up 
approaches to load coordination, where “smart” devices are enabled to set 
parameters for operational goals and coordinate between one another to 
adjust the timing to meet those goals based on energy availability.
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impacts the electric grids that serve buildings. Electric 
vehicles, decarbonization (in the form of building 
electrification), and the growth of distributed 
energy resources (in the form of site-based energy 
production) are examples of load disruptors. The 
impacts of such trends can be quick, large, and 
system wide. Load disruptors tend to place additional 
stress on an already stressed grid and present 
significant challenges (and design opportunities). 
Disruptors included in the Milwaukee Case Study are 
electrification and on-site photovoltaic systems.

Load modifiers and load disruptors change the 
magnitude and/or timing of building electric loads—
which may either stress the grid or relax the grid 
depending upon the timing and specific nature of 
the impactor. Because buildings today are so tightly 
connected to the macrogrid, a stress to the grid 
can easily become a limitation on the building. The 
expanded use of LED lamps, for example, eases the 
loads seen—and needing to be met—by the electric 
grid. The addition of buildings-based electric vehicle 
charging stations will increase the electrical load and 
potentially dramatically shift the peak, creating more 

challenges for utilities who are required to deliver 
power on-demand. 

Load aligners are technologies and solutions 
that, in response to disruption, contribute to the 
coordination and alignment of building loads with 
energy supply. Aligners take in energy during times 
of excess supply and export (or shed) during times of 
low supply. Examples include on-site battery storage, 
grid interactive load responses such as shifting and 
shedding, and native DC power. Several load aligners 
are explored as variables in the Milwaukee Case Study.

Design outcome filters (priorities, perspectives, 
viewpoints, design filters) can tilt the design playing field 
shown in Figure 6 by changing the relative importance 
of factors we use to evaluate success. For example, an 
increased concern for low-carbon electricity or for 
greater system reliability will change how we evaluate 
the costs and performance of the electric grid and the 
buildings that are attached to the grid. It is probable 
that the desired outcomes of running an electric grid 
(for example, maximizing income) will not fully align 
with the desired outcomes of using an electric grid (for 
example, minimizing expenses). Filters addressed in the 
Milwaukee Case Study include economics, resilience, 
and decarbonization. 

1.4 Why Architects?
So, why an architect’s guide to the evolving electric grid 
landscape? Mainly because many of the grid changes 
that will be coming will impact residential buildings—
where the prime design professional is an architect 
and where the valuation of design outcomes is driven 
by the architecture profession. Secondarily, because 
these grid changes will also impact commercial/
institutional/educational/retail buildings–where 
responsibility for design direction is shared with other 
professionals, but should not be abdicated to those 
who are less attuned to an owner’s design objectives 
and less connected to the ethical aspirations of the 
architecture profession. Further, one of the most 
impactful of the available grid-betterment tools is 
energy efficiency, in particular efficiency harnessed by Fig. 6. Conceptual Representation of the Opportunities for Grid-Building Interactions.
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improving the building enclosure, which is a uniquely 
architectural responsibility.

Reliable electric grids and a decarbonized energy 
supply will not be developed without the active 
and knowledgeable participation of the design 
professions. Architects should and can take the 
lead. As will be shown in the following sections 
of this Guide, improved enclosure design is as 
powerful a grid change agent as better electrical 
transformers, improved lighting fixtures, and 
even electrical energy storage. The answer is as 
architectural as it is engineering.

Renewable, clean energy is decentralized by nature, 
and is a solution to decarbonization at the “grid edge”, 
i.e. where the centralized power distribution connects 
to the building loads. Inherently, this brings building 
design professionals into the renewables picture and 
makes them a key player in the renewable energy 
solution. For example, the roof of a building can either 
be designed to act as a barrier to solar radiation–
rejecting this abundant resource year-round as a 
means of mitigating summer cooling loads–or the 
roof can become a transformer–converting the solar 
resource into needed electricity while also reducing 
summer cooling loads.

Microgrids, or even just the incorporation of some of 
their key elements such as load shifting, present new 
opportunities in building design. With the microgrid 
as part of the design toolkit, new goals become 
a possibility–like sustained resilience during an 
outage, long-term energy affordability through self 
consumption of on-site energy generation, and/or 
significant emissions reductions.

Architects are the “jack of all trades” that coordinate 
the project and are responsible for coordination and 
implementation of project plans. They work directly 
with owners and clients to determine project goals 
and requirements. It is their professional responsibility 
to educate clients about the world of possibilities 
and different ways to achieve those, and what the 
societal and environmental impacts of those are. By 
introducing these concepts into early discussion with a 

client, the design professional can create a paradigm 
shift about what is possible through building design. 

Many local and national policies are aiming to 
reduce carbon emissions in buildings. It is critical 
that design professionals understand all the tools 
available to them to achieve decarbonization, which 
includes both awareness of load disruptors as well as 
implementation of load aligning strategies outlined in 
this Guide. Additionally, in jurisdictions where tariffs or 
penalties are placed on carbon emissions, this Guide 
may support effective design strategies to meet 
emission reduction goals.

This information can also function as a builder’s guide 
for residences that are designed without the input of 
an architectural professional. 

1.5 Objectives
The goals of this  Architect’s Guide are to enable 
readers to:

• Identify common building performance and 
microgrid terminologies and concepts

• Interpret microgrid concepts and configurations 
from a buildings-based focus 

• Assess the relative benefits of various microgrid 
configurations to individual clients and to society

• Assess the relative benefits of common microgrid 
features (such as PV, storage, efficiency, DC)

• Articulate the benefits of various microgrid options 
to clients and other stakeholders

• Knowledgeably communicate with other design 
professionals regarding microgrids
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2. LOAD PROFILES
2.1 Load Profile Basics
A load profile is simply a plot (graph, chart) that shows 
a building load over time (for example, the electric 
load on a building as seen at the meter). This graphic 
represents the energy that is being consumed by 
the building (customer) that must be generated and 
supplied instantaneously by the supplier (utility grid). 
This interaction between the energy supplier (utility 
grid) and the user (customer) can be very helpful to 
understand the patterns for timing and magnitude 
of energy use - both at a daily and annual scale. 
These patterns can help to inform and support 
decisions that allow us to reach our energy-related 
design objectives—such as low first cost, low annual 
cost, reliability, low carbon emissions, and the like. 
Understanding patterns informs decision making.  
The load is not completely random but tends to cycle 
with two particular time periodicities - a daily cycle 
superimposed on an annual/seasonal cycle.

In this Guide an existing city block in Milwaukee, 
Wisconsin is used as a case study of grid-building 
interactions and microgrid possibilities. Thus, in 
addressing load profiles we’ll start by looking at 
generic Milwaukee utility load profiles. Figure 7 
shows the annual total energy use of residential 
properties in Milwaukee (as cataloged and projected 
by ResStock, a product of the National Renewable 
Energy Laboratory). The vertical axis is total energy 
consumption (both gas and electrical, in gigawatt-
hours per day). The horizontal axis is the time of the 
year, starting with January. Except for the summer 
months, the largest use of energy is natural gas for 
heating (the darker green band in Figure 7). This load 
subsides in the summer months, leaving natural gas 
used for domestic water heating and electricity as 
baseline loads (bumped up slightly by electricity for 
space cooling, the pink band). In terms of magnitude, 
natural gas heating is the main energy consumer in this 
city and climate. Consider the effect of electrification 
on the electric load profile (Figure 8); wherein the 
roughly 500 gigawatt-hour peak heating load now 

handled by the gas grid would be switched to the 
electric grid (with appropriate adjustments for relative 
heating equipment efficiencies). This potential impact 
of electrification is emphasized in Figure 9.

Figure 8 is the annual cumulative electric load 
profile for Milwaukee County, Wisconsin (also 
extracted from data cataloged by ResStock23). This 
profile represents the electric load that needs to 
be met by the electric grid serving this collection of 
residential customers. Note the scale of the y-axis, 
which only reaches a maximum of 20G for electricity 
consumption , whereas the total energy consumption 
(Figure 7) peaks at 800G. The different colors in Figure 
8 indicate different electric loads—with the main 
load contributors being space heating (green) and 
space cooling (teal). The other loads include clothes 
washers and dryers, lighting, fans, refrigerators, 
cooking ranges, and plug loads. 

The annual electrical consumption profile reveals 
the following:

Fig. 7. Total Annual Energy Consumption Profile for Residences in Milwaukee, Wisconsin.23
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Fig. 8. Annual Electric Load Profile for Residences in Milwaukee, Wisconsin.23  (Courtesy of Phius)

Fig. 9. This figure represents the relative scale of the residential Electric Load Profile (Fig 8) relative to the all-fuels total load profile (Fig 7). Note that the entire electricity 
profile fits into the outlined blue horizontal bar (peaking at 20G, while the total fuels peaks at 800G). The difference in these charts represents the potential new 
electric load on the grid simply through the electrification of hot water and space heating.
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• Even with the high penetration of natural gas heating 
in Milwaukee, heating loads dominate the electric 
load profile in the winter months and cause the peak 
load (around 20 gigawatt-hours) that needs to be 
met by the electric grid

• This ResStock data represents homes where only a 
very small percentage rely on electricity as a primary 
heating source or even as a supplemental heating 
source (think, plug-in space heaters)

• Cooling loads replace heating loads in the summer, 
but are not as demanding (with a roughly 10 gigawatt-
hour summer peak) of utility capacity as heating 

• Daily loads vary substantially (as seen in the spikey 
plot), and track well with the magnitude of heating 
and cooling loads.

Figure 10 zooms in from the broader yearly profiles 
presented above to look at a residential daily electric 
load profile for a typical January day in Milwaukee. 
This profile is collective—for thousands of homes—but 

is also generally representative of the consumption 
pattern of a typical single customer—smoothed out by 
diversity. The vertical axis is energy consumption per 
15-minute intervals in gigawatt-hours; the horizontal 
axis is time of day, starting with midnight to the left.

A grid sub-peak is seen around 8:00 am as people 
awaken and prepare for their daily activities. A larger 
peak is seen at 8:00 pm as people begin to settle in for 
the night. Note that this evening peak (or demand) is 
driven by a spike in lighting (yellow) and in plug loads 
(mauve) superimposed on a reasonably consistent 
heating load (green). Remember, however, that much 
of Milwaukee’s space heat is currently provided by 
natural gas and not plotted on this profile. With the 
electrification of space heating, new electricity peaks 
will be determined by space heating loads. This will be 
discussed further in Section 4 Load Disruptors.

Figure 11 shows a summer daily electric profile—for 
a typical day in July. The grid peak demand for 
electricity (around 3.5 gigawatt-hours) occurs at 6:00 

pm and is clearly driven by cooling load (teal). There 
is an obvious minimum demand for electricity at 5:00 
am when cooling needs are at a minimum and people 
are sleeping and not yet engaging in their electric 
amenities. Note that the local utility must economically 
supply the minimum power demand as well as the 
maximum. The ability to do so has been part of the 
utility/grid scene for years. But, this balance can be 
affected by load modifiers, rattled by load disruptors, 
and dampened by load aligners as discussed later. 

Today, in the majority of US electricity markets, residential 
consumers are charged for their use of electricity 
based upon a simple summing of consumption—they 
are billed for the total area under the profile curve in 
Figure 12. The units of this consumption are kilowatt-
hours (kWh). This process is suggested by the gray 
vertical bar in Figure 12—which represents consumption 
during a nominal 1-hour time period.

It is common for commercial/institutional customers 
to also be billed for their peak demand (in kW) as 

Fig. 10. Daily Winter Electric Load Profile for Residences in Milwaukee, Wisconsin.23  
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recorded by a utility-provided electric meter placed 
at the service entrance to the building. The basis for 
the demand charge is represented by the horizontal 
line in Figure 13. Demand charges are not yet common 
in residential markets, but this may be changing. For a 
residential customer served by an electric utility grid, life 
is straightforward. The customer is billed directly based 
upon consumption—the more electricity used the higher 
the electric bill. The grid-providing utility handles all else, 
including ensuring reliability so the customer’s peak 
demand can be met. This simple use-pay relationship is 
in transition for customers in several parts of the US with 
the emergence of time-of-use rates, opportunities to 
select electricity providers, and involvement with smart 
grid controls which are in some residential markets 
already now. What was once a transaction like buying 
fruit by the pound in a supermarket (what’s in your cart 
is what you pay for) is on the path to becoming more 
like paying for meal delivery service.

From the perspective of the electric utility, things are 
not nearly as simple, as shown conceptually in Figure 
13. The electric grid must provide service during periods 
of low consumption as well as meeting the peak 
system load. To do so, different generation resources 
(of different cost and availability) are often employed. 
The specific nature of such generation resources varies 
geographically and historically. The base load (blue 
horizontal bar in Figure 9) may be met by nuclear or 
coal-fired baseload power plants; the next step of 
capacity (brown bar) by available renewables; the 
next step (yellow bar) by natural-gas load-following 
plants; the peak capacity (red bar) by natural-gas 
peaker plants. This complicates the job of providing 
electricity to a diverse group of customers. The cost to 
produce electricity ($ per kWh) will vary by time of day; 
the carbon emitted as a result of electricity generation 
will vary by time of day. The availability and reliability of 
electric generation resources may vary by time of day. 

Two basic rate design responses to this complexity are 
shown in Figure 13.

A utility may try to control peaks on the grid (which 
represent expensive and stressful electricity) by 
imposing charges for peak demand. This is already 
common for non-residential building typologies, with 
related design responses becoming a normal aspect of 
the building design process. Common responses include 
load monitoring and load shedding, thermal energy 
storage, and ubiquitous use of energy management 
systems. There is indication that expectations for 
demand adjustment, and compensation for it, is moving 
into the residential market.

A utility can also attempt to control peak demand by 
imposing differential electricity rates; known as time-
of-use or time-of-day rates (or tariffs). This is illustrated 
in Figure 13 where “Rate 2” represents a higher cost 
per kWh for electricity than “Rate 1.”  The objective 

Fig. 11. Daily Summer Electric Load Profile for Residences in Milwaukee, Wisconsin.23
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of time-of-day rates is to encourage a change in 
behavior that leads to a change in electricity use 
patterns. For example, getting people to avoid running 
dishwashers, clothes washers/dryers, or water heaters 
during the most challenging hours of the day (red 
bar). The magnitude of these utility billing strategies is 
suggested in Figure 14–extracted from the tariff (rate) 
structure for Wisconsin Energy (WE, the electricity 
provider for Milwaukee). Efforts to reduce stress on the 
grid are further discussed in Section 3, Load Modifiers, 
and Section 5, Load Aligners. 

Fig. 12. Historic Implications of Load Profiles  (Courtesy of Phius)

Fig. 13. Evolving Implications of Load Profiles.  (Courtesy of Phius)

Simplified, Total Electric Daily Load
For a single-family home, the peak demand 
for a typical winter day in Milwaukee may 
be between 2 kW–15 kW, depending on 
the building enclosure design and heating 
equipment. More on this in the Milwaukee 
Case Study.  (Courtesy of Phius)



© Phius  Page 17 of  145

2.2 Generation Profiles
Just as building loads can be represented through load 
profiles, energy generation from various resources can 
be represented with generation or supply profiles. 

Until the advent of intermittent, renewable energy 
into the grid-supply mix, generation profiles weren’t 

much to look at. The dominant generation sources on 
the grid today (nuclear, coal, and natural gas) have 
generation profiles that are mostly shaped based 
on the building load that they must meet. Nuclear 
and coal plants can’t adjust output very quickly and 
their profiles tend to be flatter. Natural gas, however, 
is considered a “load-following” resource that can 

ramp up and down quickly, and as the name implies 
can be shaped to match the load. Figure 15 illustrates 
these generation or source profiles. Figure 13 illustrates 
the need for and concern over such profiles.

Renewable resources, on the other hand, are shaped 
based upon the availability of each particular 
resource. Generation profiles for photovoltaic energy 
track solar radiation availability — generation begins 
in the morning when the sun rises, peaks in the middle 
of the day, and ends when the sun sets (Figure 16). 
There may be hourly or daily interruptions of this 
parabolic pattern as a result of cloud cover, morning 
fog, or other local weather patterns.

Generation profiles for wind energy are correlated to 
local wind patterns. Generally wind speeds tend to be 
higher during the night and lower during daylight hours, 
and therefore the generation profiles match that pattern 
(Figure 16). Wind in particular can create significant 
spikes in output when conditions are “gusty”, creating 
significant surges of available power followed by gaps 
that must be filled by other resources.The representation 
above is a simplification of a single day’s wind profile, 
though day-by-day can vary from this seasonally.

Hydropower is an interesting renewable resource, driven 
by solar radiation acting through the hydrologic cycle. 

Naturally occurring hydropower varies in output 
seasonally, based upon rainfall and subsequent stream 
or river flow tempered by water storage behind dams. 
It is also often reported that many of the suitable sites 
are exploited, so a significant increase in capacity from 
this resource is not expected.

Pumped-storage hydro is used as a “load aligner” 
that takes in energy during times of excess supply and 
exports during times of low supply – think of it like “gap-
filling” between the other renewable generation profiles.

The electricity placed into the grid comes from a 
variety of sources operated to provide stability 
while serving peak loads and being reasonably 
economical. Figure 17 illustrates the source (or 
generation) mix expected to be seen in Wisconsin 
in the year 2024 (from Cambium25). The bottom line 

Fig. 14. Portions of the Milwaukee Electric Tariff Showing Impacts of Time-of-Day Pricing and Demand Charges.24
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in the mix (red) is nuclear power which provides an 
essentially constant baseline source of electricity. The 
next line (black) is electricity from coal-fired power 
plants. The purple line represents electricity generated 
by natural gas plants; the yellow and blue lines are 
the production from PC and wind respectively. The 
most dispatchable (i.e., quickly operator controllable) 
of these sources are natural gas plants, and it is 
predicted that these types of plants will need to be 
utilized to help facilitate the transition to a renewable 
future, filling the gaps between spikey supply sources. 

2.2 Load Profile Patterns
Let’s look conceptually at how several load 
modifiers, disruptors, and aligners change electrical 
load patterns for small-scale residential buildings. 
These effects and their implications will be further 
explored via discussion of the Milwaukee Case 
Study in Section 7. 

a. Energy Efficiency. Building energy efficiency, 
which has evolved steadily since ASHRAE Standard 
90 was first published in 1970, is a tried-and-true load 
modifier that is now part of most US codes. The impact 
of energy efficiency, in whatever form it is applied 
to a building (enclosure, equipment, appliances), 
is to depress the load profile (see Figure 18 part a). 
This reduces both overall electricity consumption 
and peak demand. Utilities have historically used 
efficiency incentives as a viable tool to control the 
growth of electricity consumption. Beyond-code 
efficiency, as represented by ultra-low energy 
building design, seriously flattens load profiles. 
Section 4 of the Milwaukee Case Study for an example 
of this effect. Code efficiency is a load modifier; ultra 
low energy buildings are a load disruptor. Energy 
efficiency resides with building design.

b. Electrification. Many locations in the US are served 
by both natural gas and electric utilities. Where this is 
the case, as in Milwaukee, a substantial percentage of 
the total building energy load is borne by natural gas, 
including typically space heating, hot water heating, 
and cooking. Electrification–the switching from gas 

Fig. 15. Two Key Types of Electricity Source Profiles.  
(Courtesy of Phius)

Fig. 16.  Sample Generation Profiles for Solar Power 
and Wind Power.  (Courtesy of Phius)

The generation resource capacity on the 
electric grid now is sized to meet the peak 
load, with a significant safety factor in order to 
ensure reliability. In many regions of the US, that 
peak occurs in the summer. The electrification 
of heating loads will create winter peaks 
significantly higher  than exist now.

to electricity for such key loads–would dramatically 
impact electric load profiles as shown in Figure 18 
part b. For many utilities this would be catastrophic. 
For some buildings this will be a serious challenge 
requiring an upgrade to the electric service (panel) 
and distribution (wiring) components. Electrification 
will be accomplished through building equipment 
modifications.

c. Distributed Energy Resources (DERs)—typically PV 
(photovoltaics). The International Energy Agency 
defines distributed energy resources as: “small 
scale energy resources usually situated near sites 
of electricity use, such as rooftop solar panels…”27 

Although these resources may be located off-site as 
well as on-site, usage trends in the US favor on-site 
applications. Building-based PV systems are by far 
the most common on-site DER. Such resources are a 
source of electricity and, as such, offset the need for 
grid electricity to meet a building’s electrical loads. 
This is illustrated in Figure 18 part c. On-site DERs 
(say photovoltaics) should be incorporated through 
building design for best results.

d. Electrical Storage (batteries). Buildings-based 
battery storage is often lumped in with other DERs, 
but this seems unwise as the effects produced by 
the storage of electricity are quite different from the 
effects produced by the generation of electricity.  
Storage allows electricity to be shifted in time, as seen 
in Figure 18 part d. This is a powerful effect, especially 
in connection with solar generation of electricity. 
Battery storage is a technology solution, with minimal 
direct impact on building design. As will be seen 
below, however, the availability of storage impacts 
the sizing of on-site production, which does have 
architectural implications.
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e. Electric Vehicles (EVs). Uni-directional (charge only) 
electric vehicles are basically just another load to be 
handled by the building electrical system and then by 
the grid. A close-to-capacity building electrical system 
may be stressed28 by the addition of EV charging–
although negative impacts can be mitigated by careful 
control of the times when charging is permitted. Some 
existing buildings may be pushed too far by an EV 

charging load, requiring upsizing of electrical service 
and distribution elements. Some grids may be able to 
take the addition of substantial EV charging loads in 
stride–others may be stressed. 

Bi-directional EV charging, though, has the potential 
to be a serious load aligner. In a bidirectional 
arrangement, electricity can flow from the building 
to the vehicle as a means of charging the vehicle 

Fig. 17. Typical Mix of Generation Sources in the State of Wisconsin.26

battery–but electricity may also flow from the vehicle 
battery to the building as a means of supporting 
building loads during a power outage.
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Fig. 18. Daily Load Profile Shifts for Selected Grid Impactors.  (Courtesy of Phius)
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3. LOAD MODIFIERS
Load ‘modifiers’ are described as incremental 
changes in building load that have occurred over 
the past few decades and are typically achieved 
through efficiency. These modifiers don’t substantially 
change the building load, but collectively may have 
dampened the requirements for total supply on the 
grid, or at least dampened the effect of an increasing 
population relative to service on the grid. With 
only the presence of these modifiers, our existing, 
centralized electric grid has been generally able to 
operate with a “business as usual” attitude.

In this section we will discuss energy efficiency 
from the perspective of equipment and appliance 
efficiency,  efficiency driven by the building enclosure, 
and ultra low-load passive buildings. 

3.1 Energy Efficiency of Appliances and 
Equipment
Equipment efficiency, also referred to as “active” 
efficiency, refers to improving the operational 
efficiency of individual electrical devices. This may 
be achieved through a more efficient clothes washer, 
lighting, or any device that consumes electricity. 
These measures provide steady, linear efficiency 
gains, such as a 5% reduction in energy consumption 
year-round for baseline electrical loads (as seen in 
Figure 19). While many appliances and equipment 
have gotten more “efficient” over the years, the 
complexity of demands for the functionality of the 
devices has also increased (for example, refrigerator 
technology has gotten more efficient, but the 
average refrigerator size has also grown due to 
market and societal influences). In the US, the US DOE 
Energy Star program29 is responsible for driving much 
of this efficiency evolution.

3.2 Energy Efficiency Driven by Enclosure 
Upgrades
Enclosure efficiency, also referred to as “passive” 
efficiency, is harnessed through investment in 
enclosure measures such as improved insulation in 
the walls, roof, floors, double-pane windows, and 
air-tightness. These measures specifically target a 
reduction in heating and cooling loads, and therefore 
provide more efficiency gains in some times of the 
day (and year) than others, specifically when space 
conditioning is needed. When considering the 
driving forces of daily and seasonal “peak demand”, 
widespread reductions in heating and cooling loads 
can make a profound effect on the grid capacity 
required to support that load (as per Figure 19).

As seen in Figure 20, the stringency of US residential 
energy codes (as represented by the IECC, 
International Energy Efficiency Code) has improved 
incrementally–although quite spottily–over the past 
three decades. There is reason to believe that such 
improvements in stringency (including enclosure 
efficiency) will continue to be incremental–thus 
landing codes in the category of load modifier.

3.2.1 Ultra Low-Load Passive Buildings.
Buildings that incorporate significant (beyond code) 
passive design strategies, referred to as “passive 
buildings,” flatten the building load profile even more 
than mainstream efficiency, and remove the need for 
space conditioning during many times of the year. 

Passive design strategies can be applied to all building 
typologies—from single-family homes to multifamily 
apartment buildings, offices, and skyscrapers. Three 
concepts shape these design principles31:  thermal 
control, radiation control, and air control. 

Thermal Control is achieved by continuous insulation, 
or thermal resistance, in the building envelope. 
Typically, this is increased thermal performance 
resistance relative to code construction, as well as 
attention to detail at connection points to avoid 
thermal bridging.Fig. 19. The Effects of Efficiency on Building Load Profiles. 
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Radiation Control is achieved through climate 
optimal glazing selection, considering glazing size, 
solar heat gain, and appropriate shading strategies.

Air Control is achieved by creating an airtight 
boundary in the building envelope and then employing 
balanced, fresh air ventilation with filtration. Heat or 
energy recovery is often also employed as an energy-
saving or load-reduction strategy.                                                                                                                                   

It is important here to distinguish between two 
types of “passive” building design. The focus here is 
on passive house or passive building as promoted 

by Phius, which is a holistic approach to reducing 
heating and cooling loads. This is not to be confused 
with the more dated “passive solar” concept which 
was promoted heavily during the 1970s and 80s, and 
focused primarily on reducing heating needs with a 
lot of south-facing glazing and thermal mass.

To reiterate and distinguish passive building from 
passive solar heating, the basic passive building 
design principles disseminated by Phius and 
incorporated in this Guide and the exploratory case 
studies create a high quality building with: 

Fig. 20. Progression of Residential Energy Efficiency Stringency.30

• High performance walls, roof, and floor–with 
specific thermal performance requirements 
being determined by climate (project geographic 
location), building size, and typology.

• Reduced thermal bridging in the building 
enclosure–accomplished through awareness, 
detailing, and analysis.

• High performance windows and doors 
(fenestration)–with climate-specific requirements 
for U-factor (thermal performance) and SHGC 
(solar heat gain) values

• Airtightness (reduced infiltration)–as a means 
of improving envelope durability while reducing 
energy consumption, based upon leakage rate per 
surface area of building enclosure

• A balanced ventilation system with heat recovery 
and fresh air filtration system–to ensure superior 
indoor air quality while reducing energy use

• High-efficiency mechanical, electrical, and 
plumbing systems–to reduce pass-through energy 
use as service systems respond to reduced building 
heating and cooling loads

• Quality assurance throughout the design 
and construction process, achieved through a 
comprehensive on-site inspection and testing 
process. For applicable building types in the US, 
compliance with co-requisite high performance 
building programs ENERGY STAR, DOE Zero Energy 
Ready Homes (ZERH) and Indoor airPLUS is required. 
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Passive building certification through Phius may be 
achieved through one of two paths: performance 
certification or prescriptive certification. Performance 
certification requires computer simulated 
compliance with five performance targets as well 
as a list of required elements (such as balanced 
ventilation and a defined airtightness level).  

The five energy targets are: 

1. Peak heating load

2. Peak cooling load

3. Annual energy consumption for heating

4. Annual energy consumption for cooling

5. Annual source (primary) energy use. 

Prescriptive certification, which is currently only 
available for single-family and duplex residences, 
requires compliance with a substantive list of 
benchmarks for factors such as wall R-value, 
window SHGC, airtightness via blower door testing, 
domestic water heater energy factor (among 
others) and is intended to serve as a streamlined 
compliance path that will produce a similar design 
as the performance path.

In the Milwaukee Case Study, we look at the impact 
such an ultra low-load building profile has on the 
electrical system infrastructure and its performance 
at the scale of a building + PV + electric storage, and 
at the scale of a neighborhood microgrid.

Fig. 21. Fundamental Passive Building Principles. (Courtesy of Phius)
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4. LOAD DISRUPTORS 
Load disruptors are the significant, rapid changes 
we are seeing to the energy industry today. These 
are characterized by dramatic changes to building 
electric loads, so much that the loads are doubling, 
tripling, or even zeroing out from the perspective 
of a utility grid. These disruptors not only change 
the building peak but also significantly change the 
timing of the building peak, from stable, predictable, 
and dealt-with to unstable, unpredictable and 
challenging. Together, disruptors are creating 
cascading effects to the supply side, causing 
significant challenges for grid operators, and 
creating new opportunities for load alignment and 
coordination strategies. The loads that utilities must 
meet that are created by disruptors may be referred 
to as “bursty”, or “spikey”.

In this section, we will discuss the electrification 
of space heating, water heating and cooking, EV 
charging, and on-site solar PV generation systems. 

4.1 Building Electrification
As described above, building electrification involves 
converting the operation of space heating, water 
heating, cooking, and clothes drying from natural 
gas (or other fossil-fuels) to electricity. Typically, 
electricity was not used to meet these loads 
previously, so all instances of electrification add a 
new electric load to the grid.

4.1.1 Electrifying Space Heating 
The electrification of space heating creates seasonal, 
climate-specific, and weather-based spikes in building 
load profiles (Figure 22). In some climates, the load from 
heating may be significantly higher (5-10x) than the 
load for cooling, which presents a significant increase 
in that building’s peak demand for the utility to provide.

4.1.2 Electrifying Water Heating 
The electrification of water heating creates a more 
year-round increase in electrical demand than the 
electrification of space heat. The increase may be 
slightly seasonal based on varying incoming water 
temperatures. On a daily basis (Figure 23), this load 
can be spikey during times of day with high demand, 
and during water heat-up cycles. In high-performing 
efficient buildings with low heating and cooling 
loads, the load for water heating typically becomes 
the most significant load, and the electrification of this 
load can create significant changes to the building’s 
overall load pattern.

4.1.3 Electrifying Cooking 
The electrification of cooking loads doesn’t add 
a significant total load for the grid to supply, but 
can definitely contribute to peak loads and create 
“spikey” loads during peak cooking periods. 

In existing buildings, electrification of cooktops and 
ovens often leads to a peak power draw higher than 
the kitchen was originally configured for. For this 
reason, electrical services (breakers and circuits) may 
need to be upgraded, or novel solutions introduced–
such as induction stoves with built-in batteries to 

provide that peak power (think: double ovens and 
three burners coincidentally running on Thanksgiving) 
and avoid a service upgrade. This peak sizing instance 
is conceptually similar to other electrical infrastructure 
upgrades that can be mitigated through thoughtful 
avoidance of peaks, such as at individual building 
electrical panels all the way out to neighborhood 
substations, as will be discussed later.

4.2 Electric Vehicle Charging
Electric vehicles (EVs) are increasing in market share 
nationwide, and policies point toward accelerated 
adoption over the next decade. Electrically powered 
vehicles are another element of the “electrification” 
movement. When buildings integrate EV charging 
infrastructure on site, the EV loads are then coupled 
with building loads and create new load patterns 
that the utility must satisfy. 

The electrification of transportation loads through 
EVs presents significant challenges to the electric 

Fig. 22. The Effect of Switching from Natural Gas 
Heating to Electric Heating.

Fig. 23. Sample Effect of Switching from Natural Gas 
Domestic Water Heating to Electric Heating.
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grid, similar to the electrification of heating and 
hot water loads in buildings. But, given that EVs are 
mobile, and charging needs are not constant, they 
may be even less predictable and when aggregated 
at a multi-building scale, more coincident, than 
typical building loads. 

Additionally, the power required to charge an EV may 
be the equal to, or even significantly greater than the 
typical power required for a home. For homes that 
start with low-loads, EV charging stations have a 
greater relative impact on the total load.

There are various types of EV charging stations that 
may be deployed on a building site, with different 
power draw levels and different technology32. 
Chargers are categorized as ‘Level 1’ or ‘Level 2’ 
depending upon their peak power draw and power 
capacity requirements:

• Level 1 draws a lower power and can take more 
than a full day to charge a car battery.

• Level 2 draws more power and requires less time to 
charge a battery.

Figure 24 illustrates the load patterns (in isolation) 
of Level 1 and Level 2 EV chargers that begin their 
work in the evening. With no responsiveness or smart 
charging features enabled, Level 1 charges at a 
lower power for a longer period of time, while Level 
2 charges at a higher level for a shorter period of 
time. When these device profiles are superimposed 
on overall building load profiles the patterns seen in 
Figure 25 result. The relative impact of adding an EV 
charger is higher when building loads start lower 
and flatter. The relative impact of a Level 2 charger is 
greater than that of a Level 1 charger.

EV charger technology, in terms of load control and 
direction of power flow, also varies between chargers.

Some chargers introduce untimed, unmanaged 
1-way power flow (from building to charger to car) – 
these are the most disruptive. Chargers that introduce 
“smart” 1-way power flow are referred to as V1G, and 
although they may be able to be timed, they may still 
cause disruptive loads.

Currently, there is significant research and 
technology being deployed to manage and control 
EV charging loads. An EV battery may even be able 
to help support the building load depending on the 
technology and infrastructure, which is discussed 
under ‘Load Aligners’.

4.3 On-Site Photovoltaic (PV) Systems
On-site renewable energy systems may also be 
referred to as DERs, or distributed energy resources. 
Like EVs, distributed energy resources can be either 
load disruptors or load aligners, depending upon 
their usage and dispatch.

On-site, rooftop PV systems are becoming increasingly 
common as a strategy for customers to reduce their 
utility bills, to provide building-level resilience, as well 
as a means to meet ‘Net Zero Energy’ goals. “Net Zero” 
is becoming an increasingly popular goal for high-
performance buildings. 

Many rooftop solar systems are installed “behind-the-
meter,” and the energy production from the PV system 
is first used to satisfy any building load occurring 
while it is being produced. If the building load is met, 
any extra PV power is sold back to the grid. Because 
the production is “behind-the-meter,” the utility is only 
able to see the ‘net load’ of the building energy use, 
that is, the remaining load “net of” renewable energy 
production at each moment in time. 

PV creates a steep decline in ‘net load’ when the sun 
comes out, a dip in the middle of the building load 
during daylight hours, and a steep incline when the 
sun goes down. 

Level 1 Chargers pull between 1.3 - 2.4 kW

Level 2 Chargers pull between 3 - 19 kW

An average, all-electric single family 
home in Milwaukee may have a daily 
peak demand between 2-15 kW. The 
incorporation of these charging stations 
can create exponentially higher loads.

Fig. 24. Generic Stand-Alone Load Profiles of Level 
1 and Level 2 EV Chargers.

Fig. 25. Total Building Load with Level 1 and Level 2 
Chargers Incorporated into an Efficient Building.
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When considered at scale, and considering the 
resource availability to meet the steep adjustments 
in load, this becomes a significant challenge to meet. 
This phenomenon is often referred to as the “Duck 
Curve” (squint your eyes and apply some imagination 
to Figure 26), where the “belly of the duck” drops low 
in the middle of the day33.

For “net zero” buildings, typically only about a third 
of the renewable energy that is generated on site is 
actually consumed on-site. The remaining two-thirds 
is sent to the main electrical grid, which acts as an 
outlet for necessary overproduction. For this reason, 
“Solar + Storage” is becoming a more common design 
concept–which increases on-site consumption of 
renewable power and also provides some energy 
reserves in case of grid outages. Energy storage is 
discussed further under ‘Load Aligners’.

is the term used to 
describe one-way 

“smart charging”. This is referred 
to as “smart” because it uses a 
data connection to allow the EV 
and EV user to optimize charging 
time based on electricity rates 
and availability.

refers to a 
concept 
where the 

total amount of energy used by 
the building on an annual basis is 
equal to  or less than the amount 
of renewable energy produced 
(or procured) over the year.

In a net zero building, the 
renewable energy that is applied 
to “net” out the energy use isn’t 
required to align with when the 
building is using energy.

But, over the course of the year, it 
is required to net out to zero. 

Fig. 26. Net Load Profile with On-Site PV (also 
known as The Duck Curve).

Net Load with On-Site Solar PV
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5. LOAD ALIGNERS
There is a significant challenge in addressing load 
disruptors while also addressing the fact that 
grid decarbonization requires integrating more 
intermittent, renewable energy resources into the 
existing, centralized electric grid. 

Many technologies have come to market to address the 
alignment of energy supply (generation) and energy 
demand (load) to more wholly utilize the intermittent 
supplies. These are often referred to as “grid-Interactive” 
technologies and strategies, which are capable of 
addressing the timing of energy use and harnessing 
load flexibility. They utilize capability provided by on-
site distributed energy resources (DERs) to reduce, 
shed, shift, modulate, or generate electricity. 

Distributed energy resources (DERs) is a generic 
industry term that refers to anything that:

• stores, consumes or generates electricity
• is located in the distribution grid, and 
• may be able to respond to a grid signal.

Buildings that harness these technologies may be 
referred to as “grid-interactive efficient buildings”35 
(GEB). GEBs must be smart, connected, and efficient. 
They have flexible loads and are able to share that 
flexibility as a service to help support grid reliability.

In this section, we will discuss energy storage, demand 
response (flexibility, shedding, shifting), smart loads, 
electric vehicle charging, and direct current. 

5.1 Energy Storage
Energy storage devices are a classic example of load 
aligners. For the most part, they are utilized to store 
excess energy when supply is greater than demand, 
and feed it back when demand is greater than supply. 
By definition, energy storage devices or systems 
directly help align and coordinate available supply 
with demand.  Storage may also be used to provide 
resilience by maintaining critical loads when power 
generation is not available (either local generation 
isn’t available in the case of rooftop solar, like at 

night, or during a main grid power outage). Storage 
may happen in large, utility-scale installations, at 
the individual building level in the form of modestly 
sized batteries (Figure 27), or (as discussed later in 
this report) thermal storage utilizing the building 
enclosure like a battery.

5.2 Demand Response
Demand response is generally defined as a building’s 
ability to change load, manually or automatically, 
based upon a grid signal. Historically, demand 
response has been thought of as reducing load but 
can also refer to an increase in load.

Demand response programs have been around for 
awhile, often targeted at large power consumers, 
such as manufacturing plants. In these programs, 
customers are paid to reduce their energy 
consumption during peak times; it is less expensive 
for a utility to pay the consumer to use less than it 
would be for the utility to ramp up to ensure more 

Buildings consume 
power indifferent to grid 

conditions, blind to the high costs 
and threats to reliability posed 
by high peak demand and grid 
stress; inflexible to opportunities 
offered by variable, carbon-free 
renewable power sources; and 
senselessly missing the smart 
and connected technology 
revolution.  

Grid-interactive efficient 
buildings (GEBs) can remake 
buildings into a major new 
clean and flexible energy 
resource. GEBs combine energy 
efficiency and demand flexibility 
with smart technologies and 
communications to inexpensively 
deliver greater affordability, 
comfort, productivity and high 
performance to America’s homes 
and commercial buildings."34 
 
– David Nemtzow

Director, DOE Building
Technologies OfficeFig. 27. Example of Charging Scenario in a Building 

with On-Site PV and Where On-Site Consumption 
of Renewable Energy is a Priority for the Owner.
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generation. Similar, but less direct, programs are 
targeted at smaller buildings – sometimes in the 
form of notifying customers to reduce energy use to 
avoid spiking prices or in the form of “time-of-use” 
rates that are generally simplified to “on-peak” and 
“off-peak” pricing.

5.2.1 Demand Flexibility
Demand flexibility is the capability of load profiles to 
be shaped – up and down, earlier or later – typically 
in response to pre-established price changes (tariffs) 
or direct real-time utility signals, to provide benefits to 
building owners, occupants, and/or to the grid.

5.2.1 Flexible vs. Non-Flexible Loads
There are two basic categories of loads suited for 
demand response: 

Non-Flexible, Timing-Based: A load where the timing 
influences an occupant’s experience (the person 
cares). This may be an appliance like a cooking device 
(you want to cook a burrito when you are hungry) or 
a stereo or TV.

Flexible, Outcome-Based: A load where the timing 
of operation may not influence an occupant’s 
experience (the person simply seeks an outcome). 
Space heating and cooling are examples – as long as 
the comfort setpoint is met, the occupant is not really 
concerned about when the device itself is running. 

5.2.2 Load Shedding
Shedding can occur for loads that are non-critical and, 
thus, can be shed altogether. These are most often 
space-conditioning loads. When you set your heating 
setpoint down from 74F to 70F, the “load shed” is the 
difference between the effort required to maintain 
the higher versus the lower setpoint. Such shedding 
is generally a temporary adjustment (Figure 28), for a 
short period of time, and may be called upon on short 
notice. This is different from efficiency measures, which 
provide a sustained avoidance to some peaks.

5.2.3 Load Shifting
Load shifting (Figure 29) can occur with loads 
necessary to provide some service but where the 
timing of operation can be adjusted with no hindrance 
to the outcome. This most commonly involves adjusting 
the time when large appliances are run, preheating or 
pre-cooling a space, preheating hot water tanks, or 
adjusting temperature levels in water heaters.

Passive buildings inherently provide the potential for 
load flexibility with space-conditioning loads. Passive 
building enclosures create a thermal (heat) storage 
system that can be tapped into easily and deeply. 
Essentially, a passive building can defer or mitigate 
heat flows which effect is then passed along to the 
electric loads that handle such thermal loads.

Through outage and resilience studies, it has become 
clear that passive buildings can completely cut 
space-conditioning system output for significant 

periods of time (in many cases for multiple hours, 
depending on the desired indoor condition and the 
setpoint before if any pre-conditioning was used) 
with little to no impact on the interior temperatures, 
especially when load shifting is used to slightly pre-
condition a space before the load is shed.

5.3 Smart Loads
To facilitate automated load shifting, load shedding, 
and demand response, devices can be enabled to 
receive signals and manipulate their load based on 
that signal. Some new devices, such as heat pump 
water heaters and thermostats, are being sold 
with smart technologies embedded. There are also 
options for integrating new technologies into existing 
equipment. These controls allow for quick, automated 

The term demand response should 
not suggest outcome deprivation or 
adjustment. Many loads are flexible, and 
timing can be adjusted and still achieve 
the same outcome. For example, when you 
plug your computer in, you know that you 
want it to remain charged, at least in the 
time period predicted (“45 minutes until 
fully charged”). However, an occupant may 
not care if it is mostly charged in the first 15 
minutes, and then steadily charged for the 
remaining 30 minutes, or quickly charged 
for 5 and then paused for 5, as long as 
the outcome is met. The same is true of 
devices like a refrigerator - it must maintain 
an interior setpoint to keep the food fresh, 
but the timing of the compressor is not 
important, as long as that outcome is met. 
Same with interior spaces. 

Fig. 28. Impact of Load Shedding on Peak Demand.
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responses to signals that do not hinder outcomes for 
occupants. Often these signals are seen as a top-
down approach, where signals are being sent from a 
central utility to orchestrate the other end.

There are also new, bottom-up solutions where smart 
devices are able to collaborate with one-another 
based on a signal (price or similar) which provides 
information about energy availability, etc. In these 
cases, devices are programmed with operational 
requirements and can take different paths to meet 
those requirements based on the signals. For more 
detailed information on smart loads see the Smart 
Grid Application Guide.36

Fig. 29. Impact of Load Shifting on Peak Demand.

Fig. 30. With AC power, the Direction of the Current 
Reverses and Concurrently the Voltage Changes. 
With DC Power, the Direction of the Current and 
Voltage is Always Constant.

5.4 Electric Vehicle Charging
As discussed above, electric vehicle charging can 
create a grid-disruptive load. But, with the correct 
technology, may also be able to support alignment 
between supply and demand at both the building 
level and the grid level.

V2H, “vehicle-to-home”, or V2B “vehicle-to-building” 
refers to technology that allows for bi-directional 
power flow37. This is helpful for buildings with excess 
renewable production (such as with rooftop solar 
PV), that can receive power and then give it back 
to the building. It helps create a locally balanced 
energy environment and can be thought of as mobile 
electricity storage that provides services similar to 
stationary electricity storage.

V2G, “vehicle-to-grid” refers to technology that 
allows for bi-directional power flow to and from 
the charger directly into the electric grid (such as 
in a parking lot, rather than through a building).  
This is beneficial for the grid, especially those with 
intermittent renewables, and can help balance 
supply and demand.

5.5 Direct Current (DC) Distribution 
Networks
DC distribution networks are load aligners that 
rather than adjusting the timing of building loads 
with available energy supply, align the “type” of load 
to the power supply. These distribution networks 
can exist at a building level or even neighborhood 
(microgrid) level.

Power can be transmitted two ways, via AC 
(alternating current) or via DC (direct current). See 
Section 1.1 for some historical background. The 
primary technical difference between AC and DC is 
the pattern of current flow as shown schematically in 
Figure 30. The primary useful distinguisher between 
the AC and DC is what devices operate on each.

The existing electric grid transmits AC electricity, but 
buildings and equipment within buildings use both 
AC and DC electricity. 

Fig. 30. AC versus DC Electricity (the Vertical Axis is 
Voltage, the Horizontal Axis is Time).

Solar photovoltaic panels (PV) are a common 
distributed energy resource, serving both the main 
grid (macrogrid) and microgrids. PV systems natively 
output DC power. In a typical AC distribution network, 
the DC electricity produced by a PV array is converted 
to AC by inverters that enable its use in buildings. 

The use of DC distribution networks can be 
advantageous when combined with on-site PV to 
reduce inefficiencies caused by conversion losses. 
The DC power produced by PV can be fed directly 
to DC loads in a building or stored locally in batteries 
reducing conversion losses and reducing the need 
for conversion equipment. Many current electrical 
loads can be served directly with DC power and the 
number of devices that can be fed is increasing. For 
this reason, among others, there is increasing interest 
in utilizing a DC power (or hybrid AC/DC) distribution 
networks in buildings. It is estimated that DC 
distribution within buildings can improve electrical 
system efficiency on the order of +/- 10%.38
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6. MICROGRIDS
6.1 What is a Microgrid?
A microgrid is one technical solution to many of the 
challenges and opportunities that were introduced 
above. Numerous definitions of “microgrids” have been 
developed by various organizations. The fundamental 
characteristic of a microgrid is conveyed by the prefix 
“micro” meaning small (either absolutely or relatively 
small). A microgrid is particularly small compared to a 
macrogrid. Macro implies large—typically a grid that is 
community-wide, statewide, or multi-state in scale (as 
per Figure 2). Typical microgrids serve neighborhoods 
(Figure 31), campuses, military bases, but can be as 
small as two homes. The scale of interest in this Guide 
is the neighborhood. The building type of focus is 
smaller-scale residential (single-family, duplex, and 
six-flat homes). The principles in this Guide, however, 
work equally well for other building typologies—in 
fact, mixed-use typologies with load diversity may be 
ideal for microgrids.

The US Department of Energy (DOE) defines a 
microgrid39 as ‘‘a group of interconnected loads 
and distributed energy resources within clearly 
defined electrical boundaries that acts as a single 
controllable entity with respect to the grid. A microgrid 
can connect and disconnect from the grid to enable 
it to operate in both grid-connected or island mode.’’ 
Key characteristics under this definition include loads, 
energy resources, interconnections, a clear system 
boundary, and a connection to the larger grid.

Another definition40 states that “microgrids are 
small-scale, low-voltage power systems with 
distributed energy sources, storage devices and 
controllable loads. They are operated connected to 
the main power network or “islanded” in a controlled, 
coordinated way.” Low voltage here implies typical 
residential/commercial service voltages (120-480V), 
not the lower voltages (12-24V) typical of control 
systems. Both definitions are fairly vague about the 
DERs (distributed energy resources) that are part of 
this system; this definition adds storage and control 

of loads to the DOE list of characteristics. The ability 
to “island,” or disconnect from the larger grid when 
desirable, is part of both definitions.

Figure 32 illustrates a residential microgrid in the 
context of this Guide. Key elements of this type 
of microgrid are discussed below—these include 
some features that would historically be considered 
building-related and features that are more likely 
to have been seen as grid-related. The boundaries 
between buildings and grid, however, start to blur in 
the realm of microgrids. The relationships between 
the various components and their relative sizing will 
be discussed in the Milwaukee Case Study.

6.1.1 Key Components of a Microgrid
A discussion of the key components of a residential 
microgrid is provided here. These components, and 
their characteristics, can substantively affect the 
performance of a microgrid—and are modeled in 
the research that underlies this Guide. This discussion 
defines these components and explains their 
role in the operation and success of a microgrid. 
Measurement units and terminology are also 
presented as appropriate.

Generally, a microgrid is a local energy system within 
a clear boundary and controlled network that 
contains, at a minimum, four main components: 

1. Energy generation (supply),
2. Energy consumption (demand)
3. Energy storage, and
4. Energy control objectives or operating system

Each of the basic building blocks of a microgrid 
(Figure 33) is discussed in greater detail below.

Energy Generation/Supply: A source of 
power (or energy) is required for any scale 
electrical grid. In a conventional grid, as 
discussed above, this source is typically a 

large-scale fossil-fueled power plant, nuclear power 
plant, or a hydropower installation. Photovoltaic (solar 
PV) panels are the most common distributed renewable 
energy resource used in microgrids. Wind is also 

sometimes used as a renewable source of electricity in 
larger capacity installations (typically remote from a 
building). PV exhibits greater architectural flexibility 
than wind. By definition, a microgrid must have access 
to both grid and local electricity sources.

Energy Consumption/Loads:  Traditional 
building occupancy drives residential 
electrical loads—generated as occupants 
use heating, cooling, hot water, appliances, 

and lighting. As discussed above, there are many ways 
to transform the shape of these loads – from appliance 
and enclosure efficiency, to load shifting and shedding. 
These traditional loads are starting to be supplemented 
by the charging of electric vehicles (EVs) and morphed 
by electrification policies.

Energy Storage: The storage of electricity 
allows a system to match customer needs 
(building loads) with desirable supply 
resources (generation); thus electricity 

generated at noon by a PV module can be used to 
charge an electric vehicle in the late evening. Batteries 
are the most common electrical storage approach in 
microgrids. 

Load Control: This feature of a microgrid 
acts as an internal dispatcher to match 
electricity supply with electricity load 
within the system boundary. Electricity 

from a PV array on the roof of ‘Building One’ can 
be sent to loads in ‘Building Two’ or to a battery 
near ‘Building Three’ as best serves the microgrid. 
Successfully and economically satisfying the needs 
and priorities of the microgrid is the key purpose of 
load controls. A clear understanding of an owner’s 
priorities (low cost, resilience, decarbonization) 
defines the control objectives.
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Fig. 31. Isometric Diagram of a Prototypical Microgrid.  
Adapted from Electricity Networks Aotearoa (ENA) Microgrids graphic46

serve neighborhoods (Figure 31), 
campuses, military bases, but 
can be as small as two homes. 
The scale of interest in this 
Guide is the neighborhood.
The building type of focus 
is smaller-scale residential 
(single-family, duplex, and 
six-flat homes). The principles 
in this Guide, however, work 
equally well for other building 
typologies...  [Section 6.1]
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Fig. 32. Schematic Diagram of a Neighborhood Microgrid.  [Courtesy Phius] Fig. 33 Fundamental Components of a Microgrid.  [Courtesy Phius]

Key Components of a Microgrid
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Beyond the core components that create a microgrid, 
the elements below support the identity of a microgrid 
as a distinct physical and logical entity.

System Boundary: the system boundary in a 
microgrid is somewhat arbitrary (usually established 
for convenience in management or scale or cost), 
but must be clearly defined for a viable microgrid. 
Buildings in a microgrid need not be contiguous 
but must (at least today) be close enough to be 
connected by power wiring. A microgrid can have 
buildings added or removed if necessary through 
revision of the wiring connections.

Connection to Macrogrid: a connection between 
the microgrid and the macrogrid is a defining 
feature of microgrid design. This is referred to as 
a “point of common coupling” or PCC. Without 
an interconnection, the smaller grid would be a 
standalone grid that cannot benefit the larger grid or 
benefit from the larger grid.

Islanding: this concept refers to the ability of a 
microgrid to disconnect from the marcogrid and 
function solely within its own boundary when it is 
advantageous to do so. Such disconnection typically 
occurs when the macrogrid shuts down, often as a 
result of an adverse weather event; perhaps because 
of problems with transmission or generation capacity. 
Islanding provides resilience, allowing a microgrid to 
continue providing electricity to the loads within the 
microgrid system—either at full or reduced capacity 
depending upon system design.

Interconnections: a grid is a network that requires 
interconnections in order to function, through the 
exchange of data and/or power. In an electrical grid, 
interconnections are currently established through 
wiring between the various buildings that constitute 
the grid and associated power sources. All elements 
in a microgrid will be connected (directly or indirectly) 
to all other elements in the microgrid.

Fig. 34. Microgrid Design Initial Thought Map: Determining Project Goals. 

Fig. 35 Microgrid Design Initial Thought Map: Determining Scale and Infrastructure.
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6.2 MICROGRID BENEFITS
Microgrids present an exciting opportunity because 
they can address many different challenges at once. 
The combination of all of the benefits of the main 
electric grid joined with a local energy source and 
storage allows for greater optimization of supply and 
demand. Several benefits simply not possible with only 
a macrogrid also arise.

6.2.1 Resilience and Reliability
Resilience to outages is a primary design driver for 
many of the microgrids that exist today. Many were 
configured to prioritize and maintain uninterrupted 
power supply for buildings and campuses where a 
shut-down in operation is costly or damaging. By nature 
of their design principles, microgrids are self-contained 
systems, capable of disconnecting from the main grid. 
This removes vulnerability to large-scale grid outages 
and reliance on exposed transmission and distribution 
infrastructure to carry power to the buildings. True 
reliability, however, can only be accomplished through 
a microgrid with battery storage capabilities.

Local resilience of electricity is only possible with a 
microgrid. Any building connected solely to a macrogrid 
is subject to power outages whenever the utility grid 
goes down. Islanding and appropriately sized site-
based DER (storage in particular) are necessary to 
accomplish the extent of resilience desired by the client. 
Bridging a 1-hour grid outage is simpler and cheaper 
than bridging a 5-day outage. Powering half the loads 
in a building during a grid outage is easier and cheaper 
than powering all building loads.

A microgrid will not necessarily be more reliable than 
a macrogrid, in fact the opposite may be true. But with 
a macrogrid-interconnected microgrid in place, overall 
reliability will increase because both grids now have a 
backup system in place.

6.2.2 Energy Independence and Affordability
Microgrids that harness local renewable energy 
generation reduce dependence on external fuel 

sources and costs, providing security through 
renewable resources and harnessing excess supply 
to use energy cost-effectively. The “fuel cost” for 
renewable resources is free, but that free renewable 
energy isn’t always available so additional investment 
in storage to align supply with demand is required.

The financial case for on-site energy generation and 
storage can vary widely between projects due to 
variances in utility allowances, macrogrid electricity 
rate structures (flat-rate versus time of use), incentives 
for decarbonizations, or fines for carbon emissions. 
A handful of financial factors are studied in the 
Milwaukee Case Study, which provides insight into 
financial feasibility for “business as usual” cases, as well 
as a general range of costs associated with meeting 
various resilience and decarbonization goals.

On top of this, depending on the buildings serviced 
by the microgrid, there is a benefit (or avoided cost) 
known as the the value of lost load (VoLL), which 
essentially represents the costs of an electrical outage. 
The avoided blackout or service interruption could 
help support the financial analysis for investment in 
microgrid systems, and seems to be the motivation for 
many of the microgrids which exist in the U.S. today.

6.2.3 Increased Utilization of Renewables
Optimization of the balance between generation, 
storage, and orchestrated demand through the 
microgrid control objectives allows for greater 
alignment of building load with intermittent, clean 
energy resource availability. 

This concept is often referred to as the “hardening” 
of renewable resources, i.e. increasing their utilization 
factors. As more renewable resources are integrated 
into the grid, ensuring the resources that are utilized as 
efficiently and effectively as possible is very important. 
This includes avoiding transmission congestion and 
curtailment in order to realize the financial gains and 
make the case for more renewable energy.

6.2.4 Avoided Transmission and Distribution 
Infrastructure Upgrades
By creating a local energy system (microgrid) and 
bringing renewable energy generation closer to the 
load, the network capacity required to deliver power 
to a building is decreased. With today’s existing electric 
grid, there are many challenges related to transmission 
and distribution line congestion where renewable 
power is available on one end, but the wires physically 
cannot handle the load and the utilization of renewable 
energy is therefore curtailed. This will likely continue to 
be an issue in areas with large-scale renewable systems 
until infrastructure is upgraded. 

Similarly, there are significant challenges related to 
interconnection of new renewable generation systems 
to the existing transmission network. There is a queue, 
and each potential new solar farm, wind farm, etc. 
requires significant analysis and approval to connect to 
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the existing grid. This is predicted to be one of the largest hurdles to more renewable 
energy integration at the macrogrid scale. Microgrids can be deployed quicker than 
the planning horizon for new transmission lines and as a result have the potential to 
offset investment in new infrastructure and accelerate decarbonization.

6.2.5 Services to the Macrogrid/Society
Microgrids can offer significant benefits to the macrogrid. The single ‘point of common 
connection’ with the main grid decreases the unpredictability of the building loads 
served by the microgrid, which in a typical macrogrid would be treated as individual 
loads each with their own level of “risk” and requirement for generation capacity 
(+safety factors) to meet their load. Capturing the ‘net balance’ of that series of 
buildings, through the single connection point can decrease capacity requirements 
at the macgrorid level. 

Microgrids can also deliver grid resilience back to the macrogrid through other 
services such as demand response (shifting, shedding, and alignment of loads) and 
voltage regulation, which is becoming a larger challenge with increased renewable 
energy penetration into the grid-mix.

6.3. Microgrid Design Process
To a large extent the design of an electric microgrid is similar to the design of other 
building infrastructure systems (such as roadways, storm drainage, communications). 
Design steps that are common to such multi-building efforts are summarized in Table 
1–with emphasis on what is important relative to a microgrid. There are several big-
picture concerns, however, worth highlighting:

• A microgrid will most likely involve multiple building owners; thus details of 
ownership, maintenance, and stewardship need to explored prior to embarking 
on design work; development of a condominium may be a reasonable parallel;

• It is highly likely that a microgrid will interact with state regulations for electric 
utilities; these constraints and implications must be understood before beginning 
design work;

• Because some of the benefits of a microgrid may be hard to quantify (such as 
peace of mind regarding security or resilience), the true objectives underlying such 
considerations must be explored and understood prior to design;

• Microgrids are not business as usual and may involve proprietary components 
(especially for controls), thus turnkey projects–relative to the electrical elements–
may be common.

The microgrid design process is a multi-variable, multi-objective design problem. 
The nature of this situation is suggested by the thought-mapping diagrams seen 
in Figures 34 and 35. This is not at all unique to microgrids, and is in fact common 

to many aspects of building design (such as designing a wall assembly, an HVAC 
system, a comfortable and healthful indoor environment). What is different about 
microgrid design is that there are no conventional design codes or standards 
to help bound the initial design variables and only a small body of examples to 
suggest a logical starting point for initial analysis. Designers often use some form 
of trial and error to reach a successful design conclusion, but lots of variables (load 
profiles, PC capacity, battery size, control schemes) and many possible outcomes 
(reduced carbon, reduced energy costs, increased reliability) can make for lots of 
trials (and dead ends). The Milwaukee Case Study provides some assistance in 
navigating this complex territory. The following recommendations are provided as 
initial and generic design guidance:

• Consider building efficiency as the starting point for a successful microgrid–the 
more efficiency the better (within the constraints of individual building budgets 
and practicality); code-minimum is not adequately efficient.

• Clearly and rationally identify critical loads to be met under resilience criteria; 
higher loads and greater duration may rapidly increase the cost of microgrids 
for resilience.

• Consider future scenarios even if statistically uncertain–what is certain is that 
historical data on temperature, humidity, storm frequency and severity are not 
going to prevail in the near future.

• Remember that there isn’t a one-size-fits all solution, the microgrid design will be 
specifically shaped based on the priorities of the owner.

• Understand that a microgrid is essentially a series of connected components. 
Even if your building system cannot get all of the way to microgrid level, there 
are benefits that can be harnessed through load control, energy generation and 
energy storage on site. The full potential is harnessed through orchestration of all 
of these in a nanogrid/microgrid setting.

• Even though there isn’t a common packaged “microgrid solution”, utilize incentives 
and guidelines that may target the individual components of a microgrid.

• Research other successful microgrid designs, they’re out there.
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STEP 

1 Decide to Develop a Microgrid

Either as a self-justified entity or as a means toward meeting building 
objectives. In some cases a microgrid will be the desired project outcome;  
in other cases a microgrid will be the most rational way to accomplish  
desired building-level objectives.

A microgrid might be the development objective (as a 
demonstration project or power provider); or, a microgrid 
might be the most logical way to accomplish a building 
outcome such as decarbonization

Development Team (Developer, Owner, Architect,  
Engineers, Contractor)

E X A M P L E

I N V O L V E

Architect and Owner–with assistance from  
subject matter experts (Utility Representatives,  

Electrical Engineers, Contractors)

I N V O L V E

STEP 

2 Establish Project Goals
Intent: Allow building to function when utility grid goes down.

Criteria: Power a defined subset of building loads for no less 
than 24 hours in the event of macrogrid failure.

E X A M P L E

This involves the owner’s project requirements (OPR) relative to a microgrid, 
which involves setting design intent and design criteria:

Design Intent: a verbal narrative of what is to be accomplished (does not 
include methods). 

Design Criteria: specific measures of success in meeting intent (does not 
include methods); criteria are design targets.

MICROGRID DESIGN PROCESS
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STEP 

4 Research

Investigate possible means of achieving design intent within the criteria 
constraints to establish whether a microgrid can deliver the project design 
criteria and whether a microgrid is the most logical means of doing so.

Review precedents and case studies, catalog local resource 
data (utility tariffs and reliability; solar energy potential), 
conduct back of the envelope analysis.

Architect, Consulting Engineer (mainly electrical)

E X A M P L E

I N V O L V E

STEP 

5
Owner, for funds; Architect, for design; 

Contractor, for construction

I N V O L V E

Establish Budget

For both design and for construction. Consider a microgrid as an investment 
versus an expense; look at cost-benefit analysis, risk mitigation, and 
externalities; a microgrid will typically include multiple buildings and costs 
at the residential scale may be shared amongst participants.

Typical construction estimating sources may be useful for 
developing an initial budget; REOpt software may also assist 
in developing a rough estimate using default system values for 
key components.

E X A M P L E

Commissioning Provider, Design Team, Owner, Contractor, 
Speciality Equipment Suppliers

I N V O L V E

STEP 

3 Create a Plan for Success

Engage the design commissioning process, an owner’s quality assurance 
process engaged to assure that an owner gets the outcomes they anticipate.

The commissioning provider will confirm that the OPR 
(relative to a microgrid) are conceptually doable and 
develop a quality assurance plan to ensure success in 
meeting those goals.

E X A M P L E
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STEP 

7 Identify Critical Design Variables

These are inputs associated with the proposed solution— there will be many.
 Moving from conceptual to schematic design requires preliminary sizing of 
system components, which requires knowledge of design variables for input 
into analytical calculations.

Cost of energy (time of day, demand, escalation, inflation); 
definition of critical loads (what and how long); identification 
of carbon emissions parameters; estimated cost of 
components—building efficiency, battery, PV, controls.

Architect, Owner, Engineers, Contractor, Specialty 
Consultants and Equipment Suppliers

E X A M P L E

I N V O L V E

STEP 

8
Architect, Engineer, Consultant, 
Manufacturer’s Representatives

I N V O L V E

Develop Schematic Design
& Practical Feasibility Study

Develop solution and evaluate extent of success. This evolution of the design 
solution will be grounded to the project (site- and building- specific) and 
responsive to project constraints and aspirations expressed in the OPR.

To-scale plans, sections, details, and outline specifications of 
the system in the context of the associated buildings; draft 
construction documents will confirm physical “fit,” updated 
estimate will confirm economic “fit”.

E X A M P L E

STEP 

6
Architect, Engineer, Specialist Consultant, 

Commissioning Provider

I N V O L V E

Develop Conceptual Design & 
Logical Feasibility Study

Evaluate likelihood of success. The conceptual design of a system can often 
be a sketch showing proposed system components and how they are 
interconnected and arranged; this is usually adequate to allow for a logical 
analysis of success potential–does it look like it will work without violating 
the laws of physics?

A one-line diagram of the proposed system with labeled 
components and a non-technical narrative of how the thing 
works under likely operational scenarios–avoid wishful 
thinking and fiction; commissioning provider will evaluate 
from OPR perspective.

E X A M P L E
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Engage Design Development

Produce construction drawings and specifications; finalize cost estimate. 
Quality for innovative systems will reside in explicit specifications; 
commissioning provider will complete a final OPR review of proposed solution.

This stage of the microgrid design process is not much 
different from the conventional design process–although 
commissioning is highly recommended.

Architect, Engineer, Specialist Consultant, 
Commissioning Provider

E X A M P L E

I N V O L V E

STEP 

11
Architect, Engineer, Specialist Consultant, 

Commissioning Provider, Contractor

I N V O L V E

Engage Contractor & Install 
System Components

Work to ensure system objectives are understood. Pre-bid and post-
bid conferences are recommended to ensure that the owner’s project 
requirements are clear. Contractor to carry out installation of the microgrid 
components according to specifications provided. 

This step is typical of design-construction handovers where 
the systems involved are unusual or specialized.

E X A M P L E

STEP 

10

STEP 

9
Architect, Engineer, Specialist Consultant, 

Commissioning Provider

I N V O L V E

Iterate and Optimize

Consider optimization studies on the proposed solution to determine the 
best combination of elements that will meet design criteria. Run appropriate 
analyses to improve the proposed solution—most likely using software 
because of the large number of variables and their interactions.

BEOpt, REOpt, PVWatts; use sensitivity analysis to determine 
relative impact of various components and tweak solution to 
improve results and/or reduce costs.

E X A M P L E
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Project Closeout

Close out design and construction, benchmark performance, and operate 
project. Provide the microgrid owner/operator with readily available 
information that will allow most beneficial use of the system over its lifetime.

Accessible data on design criteria and measured 
operating parameters will allow the owner/operator to 
track in-use system performance and identify areas where 
performance is degrading.

Architect, Engineer, Specialist Consultant, Commissioning 
Provider, Contractor, Specialty Equipment Suppliers,  

Owner’s O&M Personnel or Provider

E X A M P L E

I N V O L V E

STEP 

13

STEP 

12
Architect, Engineer, Specialist Consultant, Commissioning 

Provider, Contractor, Speciality Equipment Suppliers, 
Owner’s O&M Personnel or Provider

I N V O L V E

Commission the System

Complete tests to confirm that system meets the design criteria -- this is 
highly encouraged to ensure success. This stage also includes training 
appropriate personnel and transferring the systems manual to owner.

See ASHRAE Guideline 0 or Standard 202 for details on the 
commissioning process and its implementation

E X A M P L E
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7. MILWAUKEE CASE STUDY
7.1 Overview
This section of the Guide provides summary results 
of a pilot study exploring the interactions of design 
variables in a neighborhood microgrid setting. 
The purpose of the study was to explore patterns 
of performance that result from combinations 
of building energy performance targets, on-site 
renewable distributed energy generation, energy 
storage, and building-grid interactions. This research 
looks only at small-scale residential buildings 
assembled into a neighborhood block (Figure 36) 

typical of Milwaukee, Wisconsin (climate zone 5A). 
The climate examined is also that of Milwaukee—
and conventional climate data sources were used 
(versus future climate projections).

This detailed case study builds upon the concepts 
outlined above and focuses on simulating all-electric 
buildings of varying typology and enclosure levels 
in order to understand the impact of the enclosure 
on estimated annual energy use, carbon dioxide 
emissions, peak loads and critical loads. These 
building-level results were used to then assess the 
feasibility of meeting project goals that extended 
beyond the building enclosure design with the 

incorporation of on-site renewable energy and 
energy storage systems. Such goals might include 
decarbonization in the form of on-site emissions 
reduction, or resilience in the form of sustaining a 
critical load at the building or neighborhood level 
during a macrogrid outage. 

The report outlines the simulation setup, modeling 
process diagrams, detailed inputs for the simulations 
and results. You will find a comprehensive list of 
simulations completed at the building-scale and 
neighborhood scale (with and without the energy 
generation and storage elements), and 28 “case-level” 
results, which group similar simulation objectives to 
study the impact of the enclosure or other variables 
on the infrastructure required to meet the defined 
simulation objective. 

7.2 Summary of Key Findings from Case 
Study

7.2.1 Building Load Results
The buildings studied varied in enclosure performance 
but used identical all-electric mechanical systems 
for heating, cooling, and hot water, identical large 
appliance models, and consistent assumptions for 
lighting and plug loads.

In discussing the results, we will refer to these building 
enclosures as follows: 

• Existing/Baseline Building Stock Enclosure = existing

• IECC 2021 Compliant Enclosure Building = code

• Phius CORE 2021 Compliant Enclosure Building = passive

On average: 

• An existing building used 1.8x more annual energy 
and had a peak load 2.5x higher than a code building.

• An existing building used 2.6x more annual energy and 
had a peak load 5.5x higher than a passive building.

• A code building used 1.5x more annual energy than 
a passive building and had a peak load 2.2x higher 
than the passive building.

Fig. 36. Typical Neighborhood Block Layout in Milwaukee, WI.  [Source: Google Maps]

Table 2. Matrix Showing Building Types within Typical Study Block with Building Efficiency Level Variants.
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Fig 37a.  Summary Results (EUI, Peak Electrical Load, and Electrical Load Profile) 
for Three Single-Family Buildings, Varying Enclosure Levels. (Courtesy of Phius)

Fig 37b. Summary Results (EUI, Peak Electrical Load, and Electrical Load Profile) 
for Three Duplex Buildings, Varying Enclosure Levels. (Courtesy of Phius)
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Fig 37c. Summary Results (EUI, Peak Electrical Load, and Electrical Load Profile) 
for Three 6-Flat Buildings, Varying Enclosure Levels. (Courtesy of Phius)

Fig 37d. Summary Results (EUI, Peak Electrical Load, and Electrical Load Profile) 
for Three Neighborhood Loads, Varying Enclosure Levels. (Courtesy of Phius)
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Table 3. Building Level Results, Energy Consumption & Peak Loads for Typical Building Loads and Flexible Building Loads.
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`Annual CO2 emissions were estimated by multiplying 
hourly energy use (kWh) by a dynamic hourly CO2 
emissions profile (kg CO2/kWh) based on today’s 
emissions (more details on emissions profiles can be 
found in the Case Study). For the baseline case, hourly 
gas use (kBTU) was multiplied by a flat emissions rate. 

In all instances, the electrified cases (see Table 4) had 
a lower estimated annual carbon dioxide emissions. 

On average:

• An existing building with natural gas equipment 
creates 40-50% more carbon emissions annually 
than the same building with the existing enclosure 
and high performance all-electric space heating 
and water heating equipment. 

• An existing building with natural gas equipment 
creates 200% more carbon emissions annually  

 

than the same building with the code enclosure + 
high performance all-electric space heating and 
water heating equipment. 

• An existing building with natural gas equipment 
creates 500% more carbon emissions annually 
than the same building with the passive enclosure 
+ high performance all-electric space heating and 
water heating equipment. 

• A existing all electric building produces 200%+ 
more carbon emissions annually than the same 
building with the code enclosure 

• A existing all electric building produces 300%+ 
more carbon emissions annually than the same 
building with the passive enclosure 

• A code all electric building produces 40-60% more 
carbon emissions annually than the same building 
with the passive enclosure 

All in all, given the role of architects in the design of the 
enclosure, architects can play a large role in slashing 
emissions reductions at the forefront through the design 
of high performance enclosures beyond code minimums.

The flexible loads (those that incorporated shedding 
heating/cooling load based on high grid emissions), 
show great potential in reducing emissions even 
further, with: 

• 25-30% annual emissions reductions from typical 
loads for the existing enclosure;

• 15-20% annual emissions reduction from typical 
loads for the code enclosure, and;

• 5-10% annual emissions reduction from typical 
loads for the passive enclosure.

As the total load decreases, the amount of load to 
shed also decreases and therefore results in lower 
overall impact.

Table 4. Building Level Results, Estimated Annual CO2 Emissions for Typical and Flexible Building Loads, 
including Baseline Gas Cases *Note: 0.127 kg CO2/kBtu assumed for the use of natural gas on-site
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7.2.2 Microgrid Level Results
• The lower the building load, the less the other 

variables impacted the results – creating less 
uncertainty or a smaller “range” of possible results. In 
other words, the low load profile (passive enclosure) 
provides more certainty in the range of results 
despite the many possible simulation variables.

• The path to building and microgrid decarbonization 
is not linear. As the electricity supply decarbonizes, 
each incremental increase in emissions reductions 
will require more investment than the last (see Case 13).

• When considering decarbonization goals, the 
emissions factors used in the simulation make 
an impact. Future emissions factors tend to 
have greater variation between hours (as more 
renewable energy is integrated into the grid-mix) 
and therefore typically more energy storage is 
required to meet decarbonization goals using 
future emissions factors versus today’s (see Case 2). 

• Load flexibility, in the form of shedding space 
conditioning loads based on high grid emissions 
factors, has significant potential to reduce on-site 
emissions and meet emissions reductions goals 
with less solar PV and storage (see Case 4).

• The cost, solar generation capacity and storage 
requirements to achieve resilience depend heavily 
on the critical load assigned as well as the outage 
duration and severity of the weather during the 
outage (see Case 12). Sustaining a survivable interior 
condition during a 3-day summer outage is far 
different than a 3-day winter outage in Milwaukee, 
Wisconsin (climate zone 5). During severe weather 
conditions, the impact of the enclosure is more 
profound on the critical load – i.e. the load on the 
HVAC system to meet a relaxed setpoint (see Case 
9). Therefore, with the low-load passive enclosure, 
the duration and severity of the outage had less of 
an impact on the results. 

• When aiming for 100% emissions reduction goals, 
there are significant diminishing returns when only 
utilizing renewable generation and storage to 
achieve that goal. (See Cases 5 and 18). A solution 
that pairs building enclosure improvements and 
load flexibility with a more modest emissions 
reduction using renewable generation and 
storage may be the least costly holistic solution 
to decarbonization, rather than attempting to 
decarbonize with generation and storage alone. 

• For the same life cycle cost, one all-electric 
existing-enclosure neighborhood could be 100% 
decarbonized, or six Phius-enclosure neighborhoods 
could be 100% decarbonized (see Case 18).

• Electricity rate structures can make a large impact 
on the financial feasibility of on-site generations 
and storage projects. Time of use rates encourage 
the use of more on-site energy storage, which 
can help avoid purchasing electricity from the 
macrogrid during peak hours and align purchasing 
for building operation and energy storage charging 
during low-cost hours (see Cases 10 and 25) 

• There is a significant difference in the solar PV 
(and storage) required to meet a typical “Net Zero” 
goal versus a 100% renewable electricity goal (see 
Cases 8 and 21). 

• When using only solar + battery storage to 
decarbonize the electricity supply of the 
neighborhood, the last 10% of emissions reduction 
will require more infrastructure and cost more 
than the first 90% (see Case 27). What that first 90% 
requires is highly variable based on the electrified 
building load, which is a product of the building 
enclosure performance (see Case 18).

7.3 Microgrid Scale Patterns
As mentioned above, the enclosure level had the largest 
impact on the microgrid infrastructure requirements 
required to meet the project goal, regardless of the 
project goal details. Below are key patterns from those 
results, while detailed results graphs can be found in 
the Milwaukee Case Study results.

 

Fig. 38. Pattern of Building Peak Load  vs. Lifecycle 
Cost of Meeting Combined Decarbonization and 
Resilience Goals.

Fig. 39. Pattern of Building Peak Load vs. Lifecycle 
Cost to Meet Decarbonization Goals.
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The peak load of the building heavily influenced the 
lifecycle cost and infrastructure requirements to meet 
the combined goal of both emissions reduction and 
decarbonization, and not quite in a linear fashion, 
closer to exponential. This means that reductions in 
peak load could scale directly with reductions in cost 
to achieve the same goal. In the combined objective 
cases, where decarbonization and resilience were 
both a goal, typically, the resilience goal was the 
dominant factor, and the solar and storage required 
to sustain a critical load during the winter outage also 
provided significant emissions reductions relative to 
business-as-usual.

The lifecycle cost, solar and storage requirements to 
meet modest emissions goals, such as 50% relative to 
a “business-as-usual” case, scaled fairly linearly with 
the building loads - both annual and peak. 

For modest outages, during less extreme weather 
conditions, there was a noticeable but modest 
increase in the amount of solar and storage generation 

Fig. 40. Pattern of Winter Outage Resilience 
Severity versus Lifecycle Cost of Infrastructure to 
Sustain a Critical Load, Varying Enclosure Levels.

Fig. 41. Pattern of Increasing Decarbonization 
Toward 100% Emissions Reduction versus 
Lifecycle Cost of Infrastructure Required to Meet 
Goal, Varying Enclosure Levels.

required to sustain a critical load during that outage. 
However, as the severity, both duration and weather 
condition, the critical load varied more between the 
buildings with varying enclosure levels and therefore 
the infrastructure requirements to sustain that outage 
varied even more. In some cases, the lifecycle costs to 
sustain the same critical load condition, for the same 
outage period, were up to 10x higher with an existing 
enclosure versus passive enclosure. These patterns are 
seen in Figure 40.

As shown in Figure 41, the enclosure level had a 
notable impact on the solar and storage infrastructure 
required to meet carbon emissions goals. As the 
emissions reduction goal approached 100%, the 
lifecycle costs increased significantly, creating a 
much larger gap in cost between decarbonizing 
the building (and neighborhood) with the existing 
enclosure versus the passive enclosure. 
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8. CONCLUSIONS 
8.1 What’s the Same?
Any building can become part of a microgrid. 
Remember, microgrids are a collection of familiar 
components that are thoughtfully connected to create 
an optimal system. 

• One of those building blocks is the building load, the 
shape of which is heavily influenced by the design. 
The building load may also be enabled with “smart” 
or controllable loads, enhancing the functionality of 
the microgrid. 

• Another common building block is energy generation, 
which can be in the form of familiar rooftop solar PV. 

• The last critical element is energy storage, which can 
come in familiar packaged solutions.

8.2 What’s Different?
Microgrids, or even just the incorporation of some 
of their key elements, present new opportunities in 
building design. Design professionals work directly 
with owners to determine project goals and 
requirements. With the microgrid design kit, new goals 
such as sustained resilience during an outage, long-
term energy affordability through on-site energy 
generation self consumption, and significant emissions 
reductions become a possibility. The role of the design 
professional includes presenting these goals to the 
owner, and creating a paradigm shift on what is and 
isn’t a possibility.

Most commonly, the building may have on-site 
renewable energy generation and building-level 
energy storage. That renewable production may be 
wired through an inverter to feed building loads, or 
directly wired to DC loads. The building electrical service 
level and wiring/distribution network communication/
network devices, and wiring may be different. And, the 
building should be set up appropriately to disconnect 
or “island” in the event of a macrogrid outage, which 
can be arranged a variety of ways–see Appendix I for 
more information.

 
 
For microgrids that are prioritizing resilience and 
reliability during main grid outages, buildings may need 
to be wired in a way that separates critical circuits from 
non-critical circuits. Alternatively, rather than physical 
wiring, if the devices that were used for critical load 
support were enabled with “smart” communication, 
then a signal may be able to keep those devices 
operational (at “critical” levels) 

8.3 What's the First Thing to Do?
As demonstrated in the Milwaukee Case Study, the 
single most impactful action an architect can take is 
designing enclosure that creates a low-load building. 
If nothing else, this supports the decarbonization 
efforts more than any other individual effort. The 
effects of the low-load ripple throughout the entire 
system, making disruptors less disruptive, and the job 
easier for load aligners.

If considering a design beyond simply a low-load 
building, the next thing to do is consider the goals of 
the project and plan to integrate other distributed 
energy resources (DERs) such as on-site photovoltaics, 
energy storage, and load control/communication 
systems. You can use the step-by-step guide to walk 
through the decision tree, decide which variables 
matter for your project, etc.

8.4 How Much Does it Cost?
As mentioned above, the scale and extent of your 
microgrid components is shaped by the priorities 
and goals of the project. See the Milwaukee Case 
Study for further financial figures on integrating 
renewable energy generation and storage on-site 
to meet project goals.

8.5 Key Team Members & Players
As outlined in Table 1, there will be team members that 
are not typically involved in building design. These may 
be the local utility, energy provider, speciality equipment 
suppliers, contractors/installers for microgrid system  

Challenges are occurring due to the 
intermittency of renewable resources on top 
of aging infrastructure and increased grid 
load due to electrification of space heating, 
water heating, and vehicles.

Microgrids are often considered as a tool to 
enhance resilience and are more recently 
surfacing as an opportunity to both decrease 
greenhouse gas emissions and provide 
resilience simultaneously.

It’s important for professionals who execute 
the design, construction, and operation 
of buildings to maintain awareness of the 
greater impact, and when possible, to design 
low-load buildings, with inherently flexible 
loads that can align with renewable resource 
availability to reach greater goals for carbon 
neutrality, security, health, and resilience.

The decarbonization of 
buildings presents new 

challenges (and opportunities) 
for the relationship between 
buildings and the electrical grid.

 
 
components, etc. Table 1 outlines a suggestion of when 
each of these players should be involved in the design 
and execution of a microgrid project. 

8.6 Final Thoughts
It is apparent that grid decarbonization is happening. 
The rate at which it will happen depends on a variety of 
different factors in varying markets with many players. 
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Milwaukee Investigative Case Study 
Exploring the Interrelationship between Building Enclosure Design,  
Decarbonization, & Resilience at a Building and Neighborhood Scale

 

This element of the Architect’s Guide presents results from a pilot study exploring the interactions of numerous microgrid design variables with 
several project intents at both a building and neighborhood level setting. There is a clear trend toward electrification of existing buildings, and 
this study set out to examine the impact of electrifying existing buildings as-is, versus taking steps to improve the enclosure first. It is important 
to understand the relative impact of either approach.

This case study builds upon the concepts outlined in the Architect’s Guide, simulating all-electric buildings of varying typology and enclosure 
levels in order to understand the impact on estimated annual energy use, carbon dioxide emissions, peak loads and critical loads. These 
building-level results were used to then assess project goals that extended beyond the building enclosure design to the incorporation of on-
site renewable energy and energy storage systems. Such goals might include decarbonization in the form of on-site emissions reduction, or 
resilience in the form of sustaining a critical load at the building or neighborhood level during a macrogrid outage. 

The report outlines the simulation setup, modeling process diagrams, and detailed inputs for the simulations. You will find a comprehensive 
list of simulations completed at the building-scale and neighborhood scale (with and without the energy generation and storage elements), 
twenty-eight “case-level” results, which group similar simulation objectives to study the impact of the enclosure or other variables on the 
infrastructure required to meet the defined objective. 

 
This report was made possible through the 2021 AIA Upjohn Research Initiative grant.
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C1. INTRODUCTION 
C1.1 Narrative
This element of the Architect’s Guide presents results from a case study exploring the 
interactions of numerous microgrid design variables with several project intents at 
both a building and neighborhood level setting. 

The purpose of the study was to explore patterns of performance that result 
from combinations of building energy enclosure performance, on-site renewable 
energy components, storage components, and grid interactions to meet project 
goals. This research looks only at small-scale residential buildings assembled into 
neighborhood blocks typical of Milwaukee, Wisconsin. The climate examined is 
also that of Milwaukee (ASHRAE Climate Zone 5A). Conventional historic climate 
data sources were used (versus future climate projections).

In all study cases, the microgrid is connected to the main grid, except in instances 
where the project goal is explicitly to fully operate without the main grid.

The research boundaries established for this study are described in Section 2.

C1.2 Objectives and Goals
The main objective of this study was to take a holistic view of energy systems, 
analyzing the interdependencies between energy supply, demand, and storage 
to meet certain resilience, emission reduction (or clean energy) goals. This was 
undertaken through the framework of a microgrid, which at a minimum includes 
the above noted components and operates to achieve a system-wide goal. While 
the analysis simulations are done at a microgrid level, the results can be seen as a 
proxy for the macrogrid level, which is experiencing significant change as buildings 
and vehicles electrify and renewable energy generation systems are replacing 
fossil-fueled generation as touched upon in the Architect’s Guide.

A key goal of the project is to understand how variations in specific building load 
impact the total infrastructure required to appropriately operate that building, 
in the context of operation from renewable energy supply and storage. The study 
hones in on three distinct building enclosure performance levels. It examines how the 
enclosure levels shape the building load profile, and how that affects achievement 
of project goals. The study also looked at energy storage and distributed energy 
generation to meet those goals. 

C1.3 Study Plan
In order to assess a reasonable range of building loads, the study started by 
selecting three residential building typologies and three levels of building enclosure 
performance to model. These ranged from older existing building enclosures to an 
“above-code” high performance enclosure. 

This created a matrix of 9 unique combinations to study at the building level. These 
results were used to examine the impact of building enclosure on both annual and 
peak loads in the buildings. These individual building loads were then aggregated 
to create neighborhood loads. 

The building loads and neighborhood loads were then used in further analysis 
and assumed to be the “microgrid load”, i.e. the load that must be met by energy 
generation and storage. These varying microgrid loads were then paired 
with decarbonization and resilience objectives, and the results provided the 
infrastructure and cost requirements needed to meet those objectives. 

Fig. 1. Milwaukee Microgrid Case Study Flow Chart [Courtesy of Phius]
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C2. STUDY SETUP
C2.1 Milwaukee / Neighborhood Context
The study focused on a typical, existing one-block neighborhood in Milwaukee, 
Wisconsin. Figure 2 shows the layout of such a neighborhood–with a reminder 
that this particular set of buildings was arbitrarily selected as representative of 
the existing housing stock in a Midwestern urban environment. Three building 
typologies emerge in this neighborhood– single-family residences, duplex 
residences, and six-unit dwellings (called 6-flats herein). There is no substantive 
commercial building intrusion in this selected block. All buildings in the 
neighborhood are assumed to have been built prior to the 1970s. More information 
on building characteristics is presented in Section 3.1.

This actual neighborhood was schematically simplified as shown in Figure 3. The 
building icon inserts seen in Figure 3 were developed for use with the simulation tools.

C2.2 Analysis and Assessment Tools
A variety of resources were required to set up inputs for the study, and a variety 
of tools were explored and utilized to carry out these simulations. Different tools 
were required for different steps and stages, where some outputs from a tool early 
on became an input in a tool used later in the process. The full list of tools explored 
and utilized can be found in Appendix F. The bulk of this study was carried out in 
WUFI® Passive, BEopt, and REopt software.  The next section describes their use 
case throughout the process.

C2.3 Modeling Process
Section 1.3 above broadly outlines the case study analysis process. As described 
in greater detail below, these cases involved three residential building typologies 
considered under three distinct enclosure energy efficiency levels. In total, 
this created nine building combinations (typology + efficiency level) that were 
simulated in WUFI Passive first for simple analysis, followed by an hourly modeling 
tool (BEopt) to generate annual load profiles. 

These load profiles were generated with the intent of studying their characteristics 
(total consumption, peaks, etc) as well as for use in the REopt modeling software tool 
in the next stage. The types of profiles generated were for typical operation, critical 
operation (the minimum load the building needed to sustain during a grid outage) 
and flexible operation (that can ramp down when there are emissions spikes) with 
different operation modes: typical, critical (during an outage), and flexible.

The study addressed many permutations, summarized and classified in Figures 
5-9. Figure 4 provides a key to the iconic symbols used in these diagrams.

Fig. 2. Representative Milwaukee Neighborhood Selected for Microgrid Analysis. 
(Source: Google Maps)

Fig. 3. Simplified Neighborhood Layout with Emphasis on Building Types. 

Table 1. Summary Matrix of Neighborhood Building Types.

https://courses.lumenlearning.com/csn-precalculus/chapter/functions-and-function-notation/
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C2.3.1 Modeling Typical Loads
As shown in Figure 5b, the flow chart for generating typical load profiles: 

(a) Three building sizes were considered

(b) Three enclosure efficiency levels* were used: Existing, code (IECC 2021), and 
passive (Phius CORE 2021 compliant). 

The enclosure efficiency levels are outlined in detail under Section 3.1, 
Determining Building Loads. Note the additional tool required (g) to determine 
the enclosure levels for the passive case.

These three enclosure options are not intended to be a continuous spectrum 
of options–which was beyond the scope of this project. Instead, the three 
options represent a worst-case (“energy hog”) condition, a best case (ultra-
low energy), and a more-or-less middle case (current code compliant).

(c) The mechanical system approach, which was identical high-performance 
all electric equipment for all cases.

(d) The typical (again identical) assumptions for appliances, lighting and plug 
loads amongst the cases. 

A “business as usual” case was also studied as a baseline but is not shown here as 
it was only used as a relative comparison and will be shown later in the results. This 
“typical” scenario assumes current electricity prices, current emission factors, and 
historical weather data (TMY3) as the driver for climate-influenced building loads. 

Fig. 4: Iconic Symbols Used in Modeling Flow Charts. (Courtesy of Phius)

Fig. 5. The Modeling Process for Simple Building Analysis, Phius CORE 2021 Compliance, 
& the Case of Typical Building Loads & Building Characteristics  (Courtesy of Phius)

Technical Note: The “Annual” heating and cooling loads output by WUFI 
represent the amount that must be provided by the equipment over the 
course of the year to maintain a desired setpoint. The efficiency of that 
equipment determines how much heating energy it actually consumes. 
“Peak” load represents the maximum heating or cooling capacity required 
for system sizing purposes. “Source energy” (also known as primary energy) is 
the annual energy consumption of the building, converted from site energy to 
source energy using DOE recognized adjustment factors.
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C2.3.2 Modeling Critical Loads
The process shown in Figure 6 was used to establish critical hourly load profiles for 
each of the building typologies and enclosure performance levels. It is based upon 
an outage of the macrogrid and islanding of the microgrid. It is not economically 
feasible to run a building full out (with typical-day load profiles) during an 
emergency event, thus “critical loads” (those that are deemed to be important to 
continue in operation during an outage event) must be addressed.

Similarly to the typical loads, the 9-building configurations shown in (a) and (b) 
were studied, but variations included:

(c) The use of heating and cooling systems was constrained to only what 
was required to sustain the defined critical building environmental conditions 
(defined by a wider interior temperature setpoint range and minimal ventilation)

(d) The equipment used in the space was limited to:
• The refrigerator
• 90% decreased lighting load
• Plug loads decreased to the equivalent of a few cell phone chargers

Details for the critical load conditions are outlined in Appendix B.

Fig. 6. The Modeling Process for the Case of Critical Building Loads to use in 
Resilience Analysis, [Courtesy of Phius]
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C2.3.3 Modeling Flexible Loads
Figure 7 outlines the process used to define ‘flexible’’ hourly load profiles for each 
of the building types and enclosure performance levels. The building’s mechanical 
systems were modeled as “responsive” and could shed load based on suggestive 
signals simulated through increased electricity prices. The large appliances, 
lighting, and miscellaneous building loads were operated as normal. 

This building loads determination process differed from the creation of typical 
use (the sunny icon) and critical (the stormy icon) loads in that it was carried out 
in Excel. The flexible load profile started as the typical load profile, and was then 
manipulated based upon a ‘signal’ indicating increasing grid stress that would 
create a response to decrease the building load. 

The grid signal was fabricated by hourly carbon emission profiles with a price 
placed on the cost of carbon. During the strongest 10% of the signals (876 hours 
per year), the space conditioning loads were shed completely even if the signal 
was received during a time when heating or cooling was needed. During the 
next highest 15% of signals (1,314 hours) the load was adjusted (shed) to match the 
‘critical’ space conditioning load (which maintained a relaxed interior setpoint 
during a prolonged outage period) if heating or cooling was required. The short-
term shedding of space conditioning loads is assumed to have minimal impact 
on maintaining a comfortable setpoint in the home therefore minimal impact on 
occupant comfort. More detail on the creation of flexible/adjusted loads can be 
found in Appendix D.

Fig. 7. The Modeling Process for the Case of Flexible Loads in the Flexible (Price/
Emissions-Based) Building Loads. [Courtesy of Phius]
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C2.3.4 Modeling Building Loads with Project Goals
Figure 8 illustrates how the individual building characteristics (top row, as created by the processes shown in Figures 5,6 & 7), output into hourly loads (left to right: typical, 
flexible, and critical) were utilized in combination with project goals and REopt software to generate local infrastructure requirements and project costs to meet those 
goals. The later sections describe the project goals and other variables used in the REopt software analysis.

After the individual building analysis, the individual building loads were aggregated into the neighborhood configuration to represent a theoretical microgrid, designed to 
meet neighborhood-level goals. This was done for both typical loads and critical loads to obtain typical and critical load profiles for the neighborhood microgrid.

Similar to the individual building simulation objectives studied in REopt, the neighborhood scale loads were studied for similar objectives, as shown in Figure 9b.

Fig. 8. Holistic Analysis Process Flow Diagram–Individual Building Scale. [Courtesy of Phius]
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C2.4 Assessment Metrics

C2.4.1 Building & Neighborhood - Load Only Metrics
Table 2 is a list of performance metrics assessed at the building and neighborhood 
level for each type of load analyzed. The purpose of this level of simulation is to 
compare the differences in performance, both in annual energy consumption and 
peak power consumption. Typical performance-based approaches for codes or 
other programs utilize annual performance metrics and target reductions in annual 
energy use but rarely focus on differences in peak loads.

A. Annual energy consumption (kWh/yr; kWh/ft2 yr; or kWh/person yr): This 
is simply a measure of the estimated (in this case, simulated) energy use of 
the building over the course of the year, normalized to account for building 
floor area or building occupancy. (Btu is commonly used in the US for thermal 
energy, but electrical energy is commonly expressed in kWh.)

EUI (energy use intensity, kBtu/ft2 yr): Annual energy consumption is often 
expressed as an EUI value, represented in kBtu (1000 Btu) per square foot of 
building floor area. 

B. Annual CO2 emissions (lb CO2/yr): This value was calculated based on an 
hourly load profile of the building multiplied by the carbon-intensity of the grid 
electricity at each hour (carbon emissions profile in pounds of CO2 per kWh, 
see Appendix C for details on profile). The purposes of calculating this value 
were to see if annual energy savings directly scaled with annual emissions 
reduction.

C. Hourly load profile: This represents the hourly energy consumption of the 
building (in kW per hour). The highest hour is the peak load, while the sum of 
all hours is the annual energy consumption. Comparing hourly load profiles, 
daily and annually, provides insights and useful patterns–as described in the 
Architect’s Guide.

D. Peak load (kW): The peak load in a building is the instance in which the 
building requires the highest amount of power to operate, or the moment of 
highest energy use. This value is rarely reported as a performance metric in 
codes or other programs, but has proven to hold significance and directly 
correlates to efforts needed to meet project goals related to resilience and 
utilization of clean electricity.

On top of the building characteristics listed above, we also estimated the size of the 
photovoltaic array that would be needed to provide a ‘net zero’ building, i.e. where 
the annual energy consumption of the building (kWh) is offset by the same renewable 
energy generation output of the PV system. This is intended to be informational and 
was also used to explore against other decarbonization goals in the next section.

PV required for “net zero” (kW): For a given climate and orientation, 1 kW (peak) of 
PV panels can be assumed to produce a certain amount of energy (kWh) annually. 
This metric was calculated based on the annual energy use (in kWh/yr) of each 
building, after determining the solar panel capacity required to produce energy 
(kWh) equal to the annual energy use. (PV (photovoltaics) was selected as the 
distributed renewable solar resource considered for this study. Other possible 
options–such as microwind or fuel cells were not considered as likely to be 
adopted at this time.) 

Fig. 9a.  Load Aggregation diagram for typical and 
critical neighborhood loads [Courtesy of Phius]

TABLE 2. Building and Neighborhood Level Assessment Measures
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C2.4.2 Building & Neighborhood - Project Goal Metrics
At the building level and neighborhood level, microgrid loads and project goals 
(simulation objectives) were used as inputs. The results of each analysis displayed 
the requirements (generation, storage, cost, etc) to meet that objective.

Cost Metric Results:

• Net Present Value ($): The present value of the savings (or costs if negative) 
realized by the project. This is calculated as the difference between the 
“Business As Usual” case lifecycle cost and the “Resilience Case” life cycle cost 
or the “Financial Case” life cycle energy cost.

• Lifecycle Cost ($): The lifecycle cost is the present value of all costs, after taxes 
and incentives, associated with the project option. 

• Initial Cost ($): This is the initial cost of the infrastructure, calculated using the 
default cost of the energy generation and storage assets. 

Energy Generation & Storage Infrastructure Results:

• Optimal Sizing of PV (Photovoltaic) System (kW): This result represents the 
recommended capacity, or size, of the solar PV system needed to meet the 
simulation objective. 

• Optimal Sizing of Battery Capacity (kWh): This result represents the 
recommended “volume” of electrical energy storage needed (how much 
electricity the battery can store) to meet the simulation objective. 

• Optimal Sizing of Battery Power (kW):  This result represents the power rating of 
the battery (the rate at which it can charge and discharge) recommended  to 
meet the simulation objective. The power components of the system (inverter, 
etc.) scale with this requirement.

Fig 9b. Holistic Analysis Process Flow Diagram–Neighborhood Scale, Typical, 
Flexible, Critical Loads for Simulation in REpot [Courtesy of Phius]

Fig. 10. Simplistic Representation of Input Parameters and Output Results in 
REopt Software, [Courtesy of Phius]
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C3. INPUTS
This section outlines the simulation inputs for the study, both fixed and variable. 
Building level inputs were packaged for building-level modeling, to obtain building 
loads. The results of those simulations became fixed load profiles for simulations 
later in the study. Other variables were also treated as “fixed” for the purposes of 
setting baselines and completing sensitivity analyses. All of the detailed inputs can 
be found in Appendix A. 

C3.1 Determining Building Demand/Loads

C3.1.1 Fixed Inputs
The following characteristics were consistently used across all case study 
modeling efforts:

Location/Climate: the energy performance of all buildings was modeled using 
Milwaukee, Wisconsin (Mitchell International Airport) TMY3 climate data.

Building Geometry, Configuration, and Size: three residential building configurations 
were considered as part of the prototypical Milwaukee neighborhood: 

(1) Single-Family: The U.S. DOE prototype single-family building59 was used to 
define the building characteristics. 

(2) Duplex (stacked): A simple, Phius-defined prototype was used for the stacked 
duplex. This building geometry has been used by Phius for other research and 
standard-setting purposes.

(3) 6-Flat (three stories, 2 wide): The building geometry, unit configuration, and 
occupant density for this building type were based upon a Phius-certified 
project that was designed and constructed in Chicago, Illinois. 

Heating, Cooling, and Domestic Hot Water Systems: the systems serving each 
building in the study were high-performance, all-electric systems. An air-source 
heat pump was used for space conditioning and a heat pump water heater for 
water heating. See Section C3.1.2 for discussion of ventilation.

 
 

Appliances and Miscellaneous Electrical Loads: the large appliances (refrigerator, 
dishwasher, clothes washer, etc.) and lighting were consistent for all simulations. 
Appliances were assumed to be Energy Star rated and the lighting was assumed 
to be high-efficacy.

C3.1.2 Variable Inputs
The following building characteristics were varied as appropriate to the modeling 
case and objectives.

Building Enclosure Performance: A primary focus of this study was to explore the 
impact of varying building enclosures on renewable energy system requirements 
to operate said buildings. Rather than studying the impact of individual enclosure 
measures (wall insulation, airtightness, etc.), the study used three distinct enclosure 
packages: (1) that of  the deduced existing building stock in Milwaukee, (2) a code-
compliant (IECC 2021) envelope, and (3) a high performance, passive building (Phius 
CORE 2021-compliant) envelope. 

• ResStock (Existing) Enclosure: The building enclosure for the existing Milwaukee 
housing stock was defined using NREL’s ResStock data for Milwaukee, 
Wisconsin. The time period chosen was from pre-1940s through 1970s. The 
NREL database was queried and average values were extracted to create 
an existing envelope enclosure package. This enclosure condition represents 
what would likely happen if load disruptors kicked in with no previous efforts to 
upgrade the building stock.

• IECC 2021 Enclosure: The code-compliant enclosure case was defined using 
the prescriptive requirements for envelope thermal performance as presented 
in the 2021 IECC (International Energy Efficiency Code).

• Phius CORE 2021 Enclosure: The highest performing enclosure case, reflective of 
a passive building, was based on expectations for Phius certification. Two tools 
were used to determine these requirements: the Phius 2021 Space Conditioning 
Criteria Calculator and the WUFI® Passive Energy Modeling Software. 

The enclosure thermal performance airtightness values used in the simulations are 
outlined in Table 3.

Mechanical Ventilation Systems: Ventilation systems were the one mechanical 
system that varied across the study. This was done to coordinate with the building 
enclosure performance. When the building enclosure becomes more air-tight, the 
requirements for mechanical ventilation to maintain indoor air quality become 
more critical. For the existing building enclosure scenario, no dedicated mechanical 
ventilation was assumed. For the code-compliant case, an exhaust-only system 
was modeled. For the Phius enclosure case, a balanced ventilation system with 
energy recovery was employed.

EV Charging may become a building load  
when the charging infrastructure is integrated 

in a building. The impact of both EV charging, as well 
as EVs for use of bi-directional power flow (to and 
from a building) was not in the scope of this case 
study. More on this in Section C8.2, Future Work.
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C3.2 Project Goals (Simulation Objectives)
Simulations to achieve project goals and objectives (such as resilience) were 
carried out using REopt software. Building loads and project outcomes were the 
main variables in the REopt studies.

C3.2.1 Fixed Inputs
Least Cost: REopt software is natively designed as a financial optimization tool. 
Therefore, all simulations are set to find the “least cost solution” to achieve a defined 
goal given the input variables. The best financial outcome is always shown as a 
project recommendation.

C3.2.2 Variable Inputs
Client Goals: In addition to financial optimization, two other project modes 
(intended outcomes) can be selected in REopt; (1) Resilience, and (2) Clean Energy, 
or a combination (3) Resilience & Clean Energy.

C3.2.2.1 Financial Goal Variables
Analysis Period: this is the length of the project in years, and influences the number 
of  years in the simulation, lifecycle cost, and net present value. The default value 
in REopt– which was used unless noted otherwise–is 25 years. For a sensitivity 
analysis, a 50 year period was studied. 

Variable Electricity Rate structures and Energy Cost Escalation rates were studied, 
which are outlined in the next section under energy supply variables.

C3.2.2.2 Resilience Goal Variables
The term resilience can be defined in many ways, but for REopt (and this study) 
resilience is the ability of a building to maintain a critical load during a macrogrid 
power outage. For simulation purposes, parameters (see directly below) that 
determine adequate resilience must be clearly defined and benchmarked. 

Multiple single-variable iterations of these parameters were modeled to assess 
the relative impact of each.

Outage Duration: The outage duration is the period of time (minutes, hours, days) 
during which the main grid is not available as a source of energy supply for the 
building or neighborhood. This corresponds to the extent of microgrid islanding. Most 
of the simulations were set to a 72-hour outage, though 36-hour (half the baseline) 
and 144-hour (double the baseline) were also studied in a sensitivity analysis.

Outage Start Date and Time: These variables determine when during the year 
(which day) and when during that day (which hour) the modeled main grid power 
outage begins. For the purposes of this study, the outage was simulated starting at 
the calculated peak condition in the building, at the end of January. A midsummer 
start time for outage simulation was also studied in a sensitivity analysis.

A full table of detailed building inputs can be found in Appendix A and Appendix B.

Note the existing building and code-compliant building use an ‘exhaust only’ strategy 
for ventilation. In these cases, indoor air quality is assumed to be maintained by the 
use of bathroom and kitchen exhaust fans and the generally uncontrolled leakage 
of outdoor air through the building enclosure–this approach has negative impacts 
on building energy use, thermal comfort, and enclosure durability.  

Table 3. Building Enclosure Characteristics Used in Modeling Cases.



© Phius  Page 60 of  145

Critical Building Load to be Maintained: The building 
load that is defined as “critical” may vary greatly 
based upon the opinion of the occupant or designer. 
For the purposes of this study, two different critical load 
scenarios were studied: 

Simulated Critical Load Conditions: A “critical” load 
pattern was simulated with predefined parameters: 
a temperature setpoint range, ventilation strategy, 
lighting load, refrigerator load, and minimal plug loads. 
Details can be found in Appendix B.

% of Total Building Load as Critical Load: This approach 
assumed the critical load would be a fixed percentage 
of the total load. To determine the sensitivity of this 
variable, we studied setting the critical load as 10%, 
25%, and 50% of total typical load.

C3.2.2.3 Clean Energy Goal Variables
Clean Energy Target: This value defines the lens or filter 
the analysis uses to assess “clean energy” goals, which 
can be viewed as (1) renewable electricity utilization, or 
(2) emissions reduction.

Annual Renewable Electricity Target: this input defines 
the desired amount of the site’s annual electricity 
consumption that is served by renewable electricity 
generation. In this study, energy exported to the grid 
does not count toward meeting the goal. Minimum 
and maximum percentages can be set for this value. 
For the purposes of this study, we looked at setting 
a minimum of 50%, 90%, 99%, and 100% renewable 
energy scenarios. 

Lifecycle Emissions Reduction: this input defines 
a desired emissions reduction as compared to 
business-as-usual (BAU). If the BAU scenario includes 
emissions reductions from “greening-of-the-grid”, 
this is not counted toward this goal (since this effect is 
included in both the BAU and the optimized analyses). 
This study does not count energy exported to the grid 
toward meeting the emissions goal. Minimum and 
maximum percentages can be set for this value. For 
this study, we set minimums of 50%, 75%, 90%, and 
100% emissions reductions. 

Carbon Emissions Profiles: If an emissions reduction 
target is set, a grid-electricity emissions profile must 
be used. Emissions profiles convey the hourly emissions 
associated with power generation on the main grid. 
By default, REopt uses the US EPA AVERT emissions14 
by region, but there is also the option to use custom 
emissions profiles. For the purposes of a sensitivity 
analysis in this study, we also evaluated meeting 
various emissions reductions goals when assuming 
future projected regional (RFCW) Long-Range 
Marginal Emission Rates15 (LRMER, CO2e) for 2024, 2035, 
and 2050. More details can be found in Appendix C.

C3.3 Energy Generation/Supply

C3.3.1 Fixed Inputs
Types of Generation: In this study, the options for 
electricity generation were set as the main grid and 
PV (photovoltaic) panels. Wind power is an option in 
REopt, but was not examined for this investigation.

Many other default inputs remained fixed for the 
purposes of this study. Details on all fixed assumptions 
can be found in Appendix C.

 
PV System Capital Cost ($/kW-DC): This is the fully 
burdened cost of an installed PV system in dollars-
per-kilowatt (capacity). The term fully burdened 
means that it includes the cost of the equipment and 
labor for installation.

C3.3.2 Variable Inputs
Electricity Rate ($/kWh), Main Grid: This represents 
the cost of each unit of electricity purchased from the 
macrogrid/utility. The rate structure can make a large 
impact on the financial viability of distributed energy 
resources and thus a microgrid design. For most of the 
simulations, a fixed price of electricity was used ($0.137/
kWh), as this is the typical rate structure for residential 
customers. A “time of use” rate was also explored in an 
input sensitivity analysis, where the rate during peak 
hours was ($0.28/kWh), and off-peak was ($0.06/kWh).

Energy Cost Escalation Rate, Nominal (%): This 

input represents the expected increase in the rate 
described above. A default of 1.9% was used for 
many of the cases, based on data from the Energy 
Information Administration’s (EIA) Annual Energy 
Outlook. A value of 3.8% (double the default) was 
explored in a sensitivity analysis.

C3.4 Energy Storage

C3.4.1 Fixed Inputs
Types of Energy Storage: Battery storage of electricity 
was the only form of energy storage directly assessed 
in this study. Indirectly, thermal (heat) energy storage 
within the building enclosure and within residential hot 
water tanks was used for the “flexible” building load 
cases defined above.

Battery Cost: The cost of the battery system is 
estimated by a combination of both capacity [kWh] 
and power [kW]. Results are exported separately for 
the two, although battery storage components may 
not exist in the exact ratios recommended.

Energy Capacity Cost ($/kWh): This represents the 
cost of the “volume” of electrical energy storage 
components, or the capacity of the battery system 
(how much electricity the battery can store). 

Power Capacity Cost ($/kW): This is related to the 
power rating of the battery, i.e. the rate at which it 
can charge and discharge. The power components 
of the system (inverter, etc.) are captured in this cost.

Many other default REopt inputs remained fixed for the 
purposes of this study. Details on all fixed assumptions 
can be found in Appendix C.

C3.4.2 Variable Inputs
Allow Grid to Charge Battery [Yes/No]: This software 
toggle determines whether or not energy supply from 
the main grid can charge the battery at the building or 
neighborhood level. By default, this is set to “true” (yes). 
For this study, we looked at the relative impact of trying 
to meet a neighborhood emissions reduction goal with 
and without allowing the grid to charge the battery.
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C4. ASSESSMENT / SIMULATION LIST
C4.1 Building Loads
Table 4 lists the building-level simulations that were run. The list includes 
combinations of building size, enclosure performance level, and operation mode 
for a total of 27 unique building loads. All simulations featured high-performance, 
all-electric heating, cooling, and hot water systems and efficient appliances and 
lighting. Detailed simulation inputs can be found in Appendix A.

The ‘Typical’ and ‘Critical / Outage’ operation modes were simulated directly in 
BEopt, while the ‘Flexible’ load was derived from a combination of the ‘Typical’ 
load simulated in BEopt, and adjusted to shed load during “high price” times. Price 
was curated using an hourly marginal carbon emissions ($/kg CO2). Detailed 
simulation inputs can be found in Appendix D.

Table 4. Matrix of Building-Level Simulations.

Diversity of loads and its impact on microgrid performance 
is an intriguing design variable that was not fully explored 
in this study. This issue will need to await further research. 
REopt accepts a single load profile (demand profile), which 
forces the aggregation of individual building loads to a 
neighborhood load for simulation purposes. This does not 
explicitly address diversity, but instead assumes that multi-
building load interactions are arithmetically additive (i.e., there 
is no diversity). Commercially available microgrid-specific 
software (such as HOMER PRO58) accepts a maximum of 
two-load inputs–which does not resolve the question of 
how 55 distinct households (in the case of the Milwaukee 
neighborhood) might interact to form a collective load profile. 
On-site renewable resources will also experience diversity in 
the same neighborhood setting.
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C4.2 Building Loads + Project Goals
Tables 5 through 8 list building-level REopt simulation 
runs undertaken to explore various project outcomes 
(design goals). Some simulations were run to test the 
sensitivity of outcomes to various input parameters, 
while others were run to analyze how the varying 
building enclosure levels impacted the PV generation, 
energy storage, and lifecycle cost required to meet 
defined project goals.

C4.2.1 Minimizing Cost
The run list below, runs #1-18, comprised simulations 
where the high-level goal was limited to financial 
optimization, or minimizing total costs. For the most 
part, these simulations were completed to set a 
baseline relative to the following cases. These cases 
also shed light on the financial feasibility of on-site 
energy generation and storage for “business as 
usual” project goals.

Table 5. Building-Level Simulation Runs to Explore Minimum-Cost Solutions.
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Table 6. Building-level Simulation Runs to Explore 
Clean Energy (Decarbonization).

C4.2.2 Clean Energy / Decarbonization
The table below outlines the simulations carried out with a 
goal of clean energy utilization or emissions reduction. The 
primary purpose of these simulations was to determine 
the impact of the building enclosure performance on 
meeting these goals. They were also used to: 

• Study the  differences between “clean electricity” and 
“emissions reduction” goals,

• Understand the differences between achieving various 
incremental increase in emissions reduction (e.g. 50% vs. 
75%, 90%, 99%, 100%),

• Understand the impact of emission rate selection/
assumptions on meeting decarbonization goals, and

• Recognize how infrastructure required to meet 
decarbonization goals varied from typical “net zero” 
project goals.
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Table 7. Building-level Simulation Runs to Explore Resilience, through Sustaining a  
Defined Critical Load during Power Outages.

C4.2.3 Resilience
The table below outlines the simulations that studied 
resilience at the building level. The goal of the 
“resilience” scenarios are to maintain a predefined 
critical load during an outage. These were carried 
out to understand both the impact of the impact of 
the building enclosure as well as the impact on the 
“outage condition” to the infrastructure requirements 
to sustain the defined critical load. 

• The “72 hour winter outage - simulated critical load” 
was run for all building sizes. 

• The duplex was used to explore variations in critical 
loads (as percentages of total load).

• The 6-flat was selected to study other outage 
scenarios in a sensitivity analysis. 

• These typologies were selected to add variety to 
the study, as the single family  
typology was used for many of the 
decarbonization analyses. 

C4.2.4 Decarbonization and Resilience
The last set of building level simulations combined 
both resilience and decarbonization goals, exploring 
the objective of both sustained critical loads during 
a 3-day winter outage as well as 50% emissions 
reduction to the baseline. Ultimately, many projects 
have overlapping goals and understanding the 
driving variables is important.

Table 8. Building-level Simulation Runs to Explore Decarbonization and Resilience.
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C4.3 Neighborhood Loads (Buildings Only)
The information above this section dealt with 
simulations of individual buildings to meet specified 
project outcomes (such as decarbonization). In 
essence, those simulations treated a building as a 
stand-alone microgrid – with variations of loads, 
macrogrid connection, renewable energy resources, 
storage, and the ability to island when necessary. 
While not physically or financially impossible, 
microgrids are more likely to consist of multiple 
buildings. More buildings means more opportunity 
for load diversity. Diversity typically is a plus in system 
design–and enters into the typical design process 
for plumbing systems, HVAC air distribution, electrical 
panel sizing, and elevator systems.

How many more buildings–beyond one–is a 
reasonable microgrid design question. For this study, 
the answer was established by geography, the 
geography of an existing neighborhood in Milwaukee, 
Wisconsin. This is not necessarily the optimum 
residential scale microgrid; but it is a rational scale. 

The neighborhood in this study consisted of 15 single-
family homes, 5 duplexes, and 5 6-flat buildings. To 
create a “neighborhood electrical load” (the load 
within the boundary of the microgrid), the individual 
building loads were aggregated. As a reminder, 
these individual building loads varied by enclosure 
performance level and operation mode. 

Table 9 lists the neighborhood-level load profiles 
used in the REopt simulations. 

The “shifted” operation mode was devised to 
aggregate the individual building loads into a 
neighborhood while shifting the timing of the building 
loads just slightly to introduce diversity. In the shifted 
cases, the 25 buildings were split into groups of 5 and 
their loads moved apart from one another in 1-hour 
increments (-2,-1,0,+1,+2 from the original load pattern). 

The ‘Typical’ and ‘Critical / Outage’ operation modes 
were simulated directly in BEopt and aggregated to 
create the neighborhood load. 

The ‘Flexible’ load is an aggregation of the individual 
building flexible loads and was derived from the 
‘Typical’ load simulated in BEopt, but adjusted to shed 
load during “high price” times. Price was curated using 
an aggregate of wholesale electricity price ($/kWh) 
and hourly marginal carbon emissions ($/kg CO2).

C4.4 Neighborhood Building Loads + 
Project Goals
Tables 10 through 13 list REopt neighborhood-level 
simulation runs. As with building-level modeling, some 
simulations were run to provide a sensitivity analysis 
for various input parameters, while others were run 
to analyze how the varying building enclosure levels 
impacted the PV generation, energy storage, and 
lifecycle cost required to meet defined project goals. 

Many of the same variables were studied at the 
neighborhood level as were the building level, with 
similar motivation for studying results. The only new 

Table 9. Neighborhood (Microgrid) Simulations List.

parameter introduced at the neighborhood level was 
the “shifted” operation mode, which simply refers to 
how the neighborhood loads were aggregated (and 
is not applicable at the individual building scale).
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Table 11. Neighborhood-Scale Simulations to Minimize Emissions toward Decarbonization.

C4.4.1 Minimize Cost
As above, these first neighborhood level analyses 
were to set a baseline for simulations to follow and 
understand the “business as usual” economics related 
to adding on-site renewable energy generation and 
storage at a neighborhood-scale.

C4.4.2 Clean Energy / Decarbonization
As with at the building level, the simulation list below 
outlines the varying emissions reduction and clean 
energy goals that were studied. At the neighborhood 
level, a single toggle was also studied related to if the 
macrogrid could charge the on-site energy storage, 
or if it could only be charged with on-site energy 
generation. 

Table 10. Neighborhood-Scale Simulations to Minimize System Cost.
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Table 11, continued. Neighborhood-Scale Simulations to Minimize Emissions toward Decarbonization.

C4.4.3 Resilience
The table below outlines the resilience situations 
studied, again to understand the infrastructure 
required to maintain a defined critical load during a 
defined outage period. The resilience studies at the 
neighborhood level studied a simulated critical load 
(defined using an hourly modeling simulation tool 
as defined in Section C2.3), as well as using a fixed 
critical load percentage based on results that came 
from the building-level resilience simulations.

C4.4.4 Clean Energy and Resilience 
The last simulations studied the overlap in meeting both 
resilience and decarbonization goals. This combination 
was studied to understand the driving factors and 
incremental differences between meeting the goals 
separate versus combined.
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Table 12. Neighborhood-Scale Simulations to Provide Electrical Resilience by Sustaining a Critical Load through the Microgrid during an Outage.

Table 13. Neighborhood-Scale Simulations to Utilize Clean Energy While Providing Microgrid Resilience.
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C5. RESULTS - BUILDING LEVEL
C5.1 Building Loads

C5.1.1 Typical Operation
The buildings studied varied in enclosure performance but used identical all-
electric mechanical systems for heating, cooling, and hot water, identical large 
appliance models, and consistent assumptions for lighting and plug loads.

In discussing the results, we will refer to these building enclosures as follows: 

• Existing Building Stock Enclosure = existing
• IECC 2021 Compliant Enclosure Building = code
• Phius CORE 2021 Compliant Enclosure Building = passive
 
 
 
 

 
 
On average: 

• An existing building used 1.8x more annual energy and had a peak load 2.5x 
higher than a code building.

• An existing building used 2.6x more annual energy and had a peak load 5.5x 
higher than a passive building.

• A code building used 1.5x more annual energy than a passive building and had 
a peak load 2.2x higher than the passive building.

In all instances, the electrified cases had a lower estimated annual carbon dioxide 
emissions. This is due to a combination of both a swap in equipment efficiency 
(from inefficient natural gas equipment to more efficient use of energy through 
heat pumps) as well as the efforts to decarbonize the electricity supply.

Table 14a: Building Level Results, Energy 
Consumption & Peak Loads for Typical 
Building Loads & Flexible Building Loads.

Table Notes:

*For the baseline case, the existing 
enclosure with natural gas fired 
equipment for space heating, water 
heating, and cooking.

**The Peak Electric Load (kW) only 
includes the peak driven by electrical 
energy use. For the baseline, gas-
equipment case, this does not include 
the power required for space heating or 
water heating. This serves as a proxy for 
the scale of electrical service currently 
provided to the building.

***The Peak Critical electric load (kW) is 
the peak of the electrical energy usage 
required for the defined critical (outage) 
load profile.
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On average:

• An existing building with natural gas equipment creates 40-50% more carbon 
emissions annually than the same building with the existing enclosure and high 
performance all-electric space heating and water heating equipment. 

• An existing building with natural gas equipment creates 200% more carbon 
emissions annually than the same building with the code enclosure + high 
performance all-electric space heating and water heating equipment. 

• An existing building with natural gas equipment creates 500% more carbon 
emissions annually than the same building with the passive enclosure + high 
performance all-electric space heating and water heating equipment. 

• A existing all electric building produces 200%+ more carbon emissions annually 
than the same building with the code enclosure 

• A existing all electric building produces 300%+ more carbon emissions annually 
than the same building with the passive enclosure 

• A code all electric building produces 40-60% more carbon emissions annually 
than the same building with the passive enclosure 

All in all, given the role of architects in the design of the enclosure, architects can 
play a large part in slashing emissions at the forefront through the design of high 
performance enclosures beyond code minimums.

The flexible loads (those that incorporated shedding heating/cooling load based on 
high grid emissions), show great potential in reducing emissions even further, with: 

• 25-30% annual emissions reductions from typical loads for the existing enclosure;

• 15-20% annual emissions reduction from typical loads for the code enclosure, and;

• 5-10% annual emissions reduction from typical loads for the passive enclosure

As the total load decreases, the amount of load to shed also decreases and 
therefore results in lower overall impact.

Results of the typical building operation simulations for these three enclosure levels 
are illustrated in Figure 11 (single-family), Figure 12 (duplex), and Figure 13 (6-flat).

A key takeaway from Figure 11 is that improving building enclosure acts as a de-
stressor for an electrical grid–at both the macro and micro grid scale. Transitioning 
from existing building stock to 2021 code-compliance reduces annual electrical 
consumption (EUI) by roughly half, but reduces peak load by roughly two-thirds. 
This type of building transition will allow existing utilities some room to breathe. 

Transitioning existing building stock to passive building enclosures would reduce 
annual consumption by two-thirds, and reduce peak load to one sixth of the 
baseline. This type of building transition would unlock further opportunities for 
scaling up renewable energy resources. 

Table 14b: Building Level Results, Estimated Annual CO2 Emissions for Typical & 
Flexible Building Loads, including Baseline Gas Cases *Note: 0.127 kg CO2/kBtu 
assumed for the use of natural gas on-site



© Phius  Page 71 of  145

Fig. 12. Summary Results (EUI, Peak Electrical Load, and Electrical Load Profile) 
for Three Duplex Buildings, Varying Enclosure Levels. [Courtesy of Phius]

Fig. 11. Summary Results (EUI, Peak Electrical Load, and Electrical Load Profile) for 
Three Single-Family Buildings, Varying Enclosure Levels. [Courtesy of Phius]
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C5.1.2 Critical Operation
A “critical” load was modeled in BEopt to represent the building load that could ideally 
be sustained when there was a main grid outage. In this case, that load consisted of 
maintaining an interior air temperature between 55F-85F, keeping the refrigerator 
running, powering 10% of the lighting, maintaining 25% of the typical mechanical 
ventilation (when applicable), and enough electricity for a few cell phone chargers. 

Table 15 shows the “Critical Load Factor”, or the percentage that the critical load is 
of the total, typical load. In the REopt tool, there is the option to use a critical hourly 
load profile (8,760 data points) or a single critical load factor for the year. This was 
studied to determine the range of hourly critical load factors from the simulated 
results, to see if a simple static % for critical load factor could be used in place 
instead of the detailed hourly analysis.

• Average critical load percentage represents the annual average critical load 
over total load.

• Minimum critical load percentage represents the hour in which the critical load 
required to support critical operating conditions was the lowest percentage of 
total load. In all cases, this occurred during summer months when the total load 
was lowest, see Figure 14.

• Maximum critical load percentage represents the hour in which the critical load 
required to support critical operating conditions was the highest percentage of 
the total typical load. In all cases, this occurred during the coldest hour of the year 
when the energy use requirements were dominated by heating loads, see Figure 13. 

Table 15.  Critical Load Factor Results for Nine Individual Building Scenarios, 
based on Annual Critical Operation Simulations.

Fig. 13. Summary Results (EUI, Peak Electrical Load, and Electrical Load Profile) 
for Three 6-Flat Buildings, Varying Enclosure Levels. [Courtesy of Phius]
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Figure 14 shows the calculated critical load factor versus time of year for the 
three enclosure options and a single-family residence in Milwaukee, Wisconsin. 
The critical load factors are calculated from the simulated critical loads. The 
blue horizontal line in the graph represents a critical load factor of 25%, which 
was a default recommendation in the analysis software. Note that although the 
average critical load factor is close to 25% (see Table 14 above), seasonally there 
is a lot of variation. Simulations for summer outages in Milwaukee could assume 
a lower critical load factor, while winter may be closer to 50-80% of critical load, 
depending on the stress condition selected for the outage.

C5.1.3 Flexible Operation
The flexible operation schedules were used to determine if shedding load during 
a relatively few times of high carbon emissions on the grid would assist in meeting 
carbon reduction goals for the building in a meaningful way. For example, if 1% of 

the time the load was responsive to emission signals, could a building reduce more 
than 1% of the emissions during typical operation, or save more than 1% of the cost 
for a more holistic carbon reduction goal?

Note that, ideally, such a load shifting/shedding/alignment and responsiveness 
would happen within a more sophisticated control environment that was able to 
see the typical load, the dynamic grid signal, the amount of load flexibility available 
to tap into (both to shed and shift), as well as the renewable resource availability 
on-site during times of high signals.

NOTE: This concept was limited in scope for this study, but load flexibility and load 
alignment with renewable resource availability is intended for further research 
and is believed to have significant impact on meeting both decarbonization and 
resilience goals.

Fig. 14. Annual Variation in Calculated Critical Load Factor for 3 Varying Enclosure Cases, Single-Family Residences.
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C5.2 Building Performance + Project Goals
Individual REopt simulations were packaged into 
“cases” with common goals for the purposes of results 
analysis. Table 16 lists the cases evaluated.

The table is followed by results for each of the cases .

There are two main case considerations: 

1. Envelope impact and;

2. Input sensitivity.

Envelope Impact: In these cases, a common goal was 
evaluated with each of the various enclosure levels to 
analyze the impact of the building load (as influenced 
by the enclosure) on requirements to meet project goals.

Input Sensitivity: In these cases, a common goal was 
evaluated with variables that were not related to the 
building load. These analyses provided a sensitivity 
analysis for determining the impact of other factors 
(such as electricity price increases, etc.). These 
impacts can be compared to the impact of adjusting 
building load.

Note: All results shown below have been normalized to show the result per dwelling unit.  
That is, the results for the full 6-flat building has been divided by 6 for the purposes of comparing results from varying 
building sizes. When reviewing results, orient yourself by taking note of the scale of the y-axis from one graph to the next.

Table 16. Summary of REopt Analysis Cases.
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C6. RESULTS - NEIGHBORHOOD (MICROGRID) SCALE
C6.1 Neighborhood Performance
The purpose of assembling the three types of residences dealt with in the above 
cases (single-family, duplex, 6-flat) into a residential neighborhood is to explore the 
potential of developing block-size residential microgrids. The microgrid boundary 
is as described in Section C2.1. Neighborhood design variables are as explored 
above for individual residential building typologies. Desired microgrid outcomes 
mirror the outcomes addressed above for standalone buildings. 

The objective of this set of computer simulations (runs) is to investigate the 
opportunities inherent in confronting big-picture concerns (such as decarbonization 
or resilience) collectively through microgrids (with aggregated loads) rather than 
on an individual basis.

Four varying types of neighborhood loads were explored: Typical, Critical 
(Outage), Flexible (responsive to spikes in grid emissions), and Shifted (a typical 
load aggregated differently). 

C6.1.1 Typical Operation
Aggregated Load: The “typical” neighborhood microgrid scenario that was 
considered involved a simple aggregation of the individual building loads within 
the neighborhood boundaries. 

Neighborhood Load = Single-Family (x 15) + Duplex (x 5) + 6-Flat (x 5)

C6.1.2 Critical Operation
The neighborhood critical loads were created by aggregating individual building 
critical loads, in the same way typical loads were created. 

An important note about critical load operation: such operation is only possible 
if the local load (either a single building or a microgrid) can be islanded from the 
main grid. The ability to island, while maintaining some loads, implies the provision 
of site based power generation and/or site-based electricity storage.

C6.1.3 Flexible Operation
To create the flexible neighborhood loads, the flexible building-level loads were 
summed in the same way as the typical neighborhood loads. Flexible neighborhood 
cases were created for each enclosure level: existing, code, and passive.

Fig. 31: Neighborhood Microgrid Loads for Varying Enclosure Types.  
(Courtesy of Phius)
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Table 17b: Neighborhood Microgrid Results, Estimated Annual CO2 Emissions for Typical & Flexible Loads, including Baseline Gas Cases *Note: 0.127 kg CO2/kBtu assumed 
for the use of natural gas on-site

Table 17a: Neighborhood Microgrid Load Results

Table Notes:

*For the baseline case, the existing enclosure with natural gas fired equipment for space heating, water heating, and cooking.

**The Peak Electric Load (kW) only includes the peak driven by electrical energy use. For the baseline, gas-equipment case, this does not include the 
power required for space heating or water heating. This serves as a proxy for the scale of electrical service currently provided to the building.

***The Peak Critical electric load (kW) is the peak of the electrical energy usage required for the defined critical (outage) load profile.

Neighborhood
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C6.1.4 Shifted Operation
Shifted Load: The shifted load case was created to incorporate the load diversity 
that is assumed to occur within any collection of individual users. Simply summing 
individual building loads–all simulated with the same timing for appliances, plug 
loads, etc.—will create artificial spikes of coincident power usage that should not 
statistically occur in reality. Table 18 describes the pattern of shifted loads assumed for 
this scenario. This is a limitation of the modeling software used, which has predefined 
profiles for appliance use, etc. We understand that future versions of software may 
be able to provide a more stochastic model, and would influence these results.

Figure 32 provides a visual representation of options for aggregating building loads 
to create a neighborhood load. The left side shows the result of taking all simulation 
results and adding each hour in-line. The right side shows the shifted condition, taking 
into account the fact that load diversity will exist between buildings.

As seen in Figure 33, the assumption of shifted (non-coincident) loads does not 
change the basic shape of the neighborhood electric load, but does reduce peaks 
(and valleys). Note the visible impact of the shifted loads, which smooths out the load 
profile relative to the spiky profile from coincident load aggregation.  

Fig. 33. Comparison of Neighborhood (Microgrid) Load for Three Enclosure Levels 
Using Coincident Versus Shifted Building Loads.

Table 18. Construction of Coincident Versus Shifted Load Profile for  
Neighborhood Microgrid Analysis.

Fig. 32. Graphic Illustration of the Process of Determining  
Coincident Load vs. Shifted Load. 
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C6.2 Neighborhood Performance + Project 
Goals
The individual neighborhood-scale REopt simulations 
were combined into “cases” with common goals for 
the purposes of results analysis. Table 18 lists the cases 
evaluated.

There are two basic types of cases:

1. Sensitivity Analysis of Envelope Impact and;

2. Sensitivity Analysis of Non-Envelope Inputs.

Envelope Impact: In these cases, a common goal was 
evaluated with each of the various enclosure levels 
to analyze the impact of the neighborhood building 
load on design requirements to meet these defined 
project goals.

Input Sensitivity: In these cases, a common goal was 
evaluated with variables that were not related to the 
building load. These analyses provided a sensitivity 
analysis for determining the impact of factors 
such as electricity price increases, etc. on system 
requirements. These results also can be compared to 
the impact of adjusting building load.

Table 19. Characteristics of Neighborhood Analysis Cases.

Note: All results shown below have been normalized to show the result per dwelling unit.  
Total neighborhood result was divided by 55 total dwelling units. This was carried out for the purposes of  
comparison with building/dwelling unit results in Section C5, as well as for ease of comparing smaller numbers.
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• Load flexibility, in the form of shedding space conditioning loads based on high 
grid emissions factors, has significant potential to reduce on-site emissions and 
meet emissions reductions goals with less solar PV and storage (see Case 4).

• The cost, solar generation capacity and storage requirements to achieve 
resilience depend heavily on the critical load assigned as well as the outage 
duration and severity of the weather during the outage (see Case 12). Sustaining 
a survivable interior condition during a 3-day summer outage is far different 
than a 3-day winter outage in Milwaukee, Wisconsin (climate zone 5). During 
severe weather conditions, the impact of the enclosure is more profound on 
the critical load – i.e. the load on the HVAC system to meet a relaxed setpoint 
(see Case 9). Therefore, with the low-load passive enclosure, the duration and 
severity of the outage had less of an impact on the results. 

• When aiming for 100% emissions reduction goals, there are significant diminishing 
returns when only utilizing renewable generation and storage to achieve that goal. 
(See Cases 5 & 18). A solution that pairs building enclosure improvements and load 
flexibility with a more modest emissions reduction using renewable generation 
and storage may be the least costly holistic solution to decarbonization, rather 
than attempting to decarbonize with generation and storage alone. 

• For the same life cycle cost, one all-electric existing-enclosure neighborhood 
could be 100% decarbonized, or six Phius-enclosure neighborhoods could be 
100% decarbonized (see Case 18).

• Electricity rate structures can make a large impact on the financial feasibility of 
on-site generations and storage projects. Time of use rates encourage the use of 
more on-site energy storage, which can help avoid purchasing electricity from 
the macrogrid during peak hours and align purchasing for building operation 
and energy storage charging during low-cost hours (see Cases 10 & 25)

• There is a significant difference in the solar PV (and storage) required to meet a 
typical “Net Zero” goal versus a 100% renewable electricity goal (see Cases 8 & 21). 

• When using only solar + battery storage to decarbonize the electricity supply 
of the neighborhood, the last 10% of emissions reduction will require more 
infrastructure and cost more than the first 90% (see Case 27). What that first 
90% requires is highly variable based on the electrified building load, which is a 
product of the building enclosure performance (see Case 18).

C7.3 Patterns
Below is a summary of patterns between building enclosure, decarbonization and 
resilience goals and lifecycle cost. Note that for all simulations listed, the lifecycle 
cost does not include the cost to upgrade the building enclosure. The simulations 
optimized for decarbonization and resilience goals used varying building load 
inputs to study the impact, but the cost to achieve those enclosure levels is not 
included in the lifecycle cost.

C7. KEY FINDINGS & CONCLUSIONS
Roughly 27 building level simulations were carried out, with varying building 
sizes, enclosure performance, and operation modes to determine the energy 
performance of the buildings alone. These were aggregated into 9 neighborhood 
level performance metrics.

These 36 varying building loads were then used in a total of 150 REopt simulations 
and combined into 28 cases to study the combination of variable building loads 
with on-site renewable energy generation and storage to meet project goals 
(decarbonization and resilience). Each case involves several design variables and 
is structured by a desire for a specific performance outcome. This makes for many 
permutations–the results of which are described in Sections C5 and C6 above 
(Results–Building Level and Results–Neighborhood Level respectively). This section 
wades into these many results and extracts key observations that should be of use 
to design teams considering the development of neighborhood-scale microgrids. 

C7.1 Summary of Building-Level Takeaways
• In all cases, electrifying the buildings reduced associated operational carbon 

dioxide emissions substantially. However, in all of these cases, the peak electrical 
load of the building also increased significantly (by a factor of 10 in the cases 
with the existing building enclosure). 

• The improved enclosure can dampen annual energy consumption by up to a 
factor of more than 3, and peak load consumption by a factor of up to 6. 

• Load flexibility can play a significant role in operational energy consumption 
and therefore emissions. Depending on the signal for load shedding/response, 
it may not decrease the peak load of the building. 

C7.2 Summary of Microgrid Takeaways
• The lower the building load, the less the other variables impacted the results – 

creating less uncertainty or a smaller “range” of possible results. In other words, 
the low load profile (passive enclosure) provides more certainty in the range 
of results despite the many possible simulation variables.

• The path to building and microgrid decarbonization is not linear. As the electricity 
supply decarbonizes, each incremental increase in emissions reductions will 
require more investment than the last (see Case 13).

• When considering decarbonization goals, the emissions factors used in the 
simulation make an impact. Future emissions factors tend to have greater 
variation between hours (as more renewable energy is integrated into the 
grid-mix) and therefore typically more energy storage is required to meet 
decarbonization goals using future emissions factors versus today’s (see Case 2). 
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C7.3.1 Low Load Impact 
In all cases, the improved building enclosure dampened 
the energy generation and storage required to meet 
project goals - whether they be related to emissions 
reductions, clean electricity, or outage resilience. 

In many cases, the impact of the enclosure was 
exponential. And in all cases, the impact of the 
enclosure was greater than any other variable.

In the sensitivity analyses, the non-envelope variables 
had less impact on the final results with the passive 
enclosure simply because the results required less 
infrastructure (an incremental change to a small value 
versus a large value). Therefore, this suggests that 
the better performing the enclosure, the less other 
variables such as electricity escalation rate, analysis 
period, etc. will matter in estimating the total lifecycle 
cost of the system.

C7.3.2 Decarbonization Goals
No matter the enclosure level, it is clear that each 
incremental increase in decarbonization efforts will 
be more costly and require more infrastructure than 
the previous. Chasing the last percentages toward 
total decarbonization is incredibly difficult and costly, 
and likely not going to be the least-cost solution to 
a decarbonized grid. It is surmised that it would be 
more cost effective for building loads to become 
flexible to align with energy availability than energy 
supply aligning with a rigid building load.

However, there is a clear pattern that for a constant 
decarbonization goal (for example, 50%), reductions 
in peak load correlate directly with reductions in 
lifecycle costs as shown in Figure 47.

C7.3.3 Resilience Goals
The specified critical load, duration of outage, and 
timing of outage will make a substantial impact on 
the specified system size for resilience. However, in all 
cases, a low-load building dampens the effect of the 
other variables as shown in Figure 48.

Fig. 46. Pattern of Increasing Decarbonization Toward 100% Emissions Reduction versus Lifecycle Cost of 
Building Operation, Solar, and Storage Infrastructure Required to Meet Goal, Varying Enclosure Levels.

Fig. 47 Pattern of Building Peak Load vs. Lifecycle Cost of Building Operation,  
Solar, and Storage Infrastructure to Meet Decarbonization Goals
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When looking at the combination of winter outage 
resilience and decarbonization goals, resilience was 
often the driving force requiring more infrastructure A 
critical load that is also flexible could potentially provide 
more resilience with less solar and storage infrastructure. 

Electrical resilience can only be accomplished through 
establishment of a microgrid (of whatever scale). The 
ability to island from the macrogrid is essential to 
ongoing operations during main grid power outages.

C7.4 100% Renewable Electricity Goals
When aiming for 100% renewable electricity with a 
single generation resource, there will be a significant 
seasonal mismatch in a heating dominated climate. 
Meeting this goal without resource diversity and load 
diversity will likely not be cost effective. However, 
the discrepancy between winter and summer loads 
can be dampened by the use of passive building 
and a high performance enclosure – which creates 
more alignment between energy supply and energy 
demand, both daily and seasonally.

Below are outputs from the REopt software reports for 
a case where the goal was to cover the annual load 
of the neighborhood with 100% renewable electricity. 
Figures 49 and 50 show the winter versus summer 
generation and storage dispatch to meet 100% of the 
annual load with only PV + storage.

Winter Period–January 1-21, Existing Enclosure 
Only: Note the amount of time in Figure 49a that the 
battery is charging (orange) and how often even 
a full day’s charge from the PV array doesn’t fill the 
storage (denoted by the dashed state of charge 
line). Also note the amount of time that the storage 
is responsible for covering the load (blue) versus PV 
meeting the building load directly (red).

Curtailed generation (the yellow peak of the PV 
spikes) represents potential electrical generation that 
is not realized because there is no unused battery 
capacity and there is no need for the electricity on the 
macrogrid. The effect of several days of cloudy (low 
solar) weather is clearly seen in the middle of the plot.

Fig. 48. Pattern of Building Peak Load vs. Lifecycle Cost of Building Operation, Solar,  
and Storage to meet Resilience Goals

Fig. 49a. Interactions of Neighborhood with Existing Enclosure Loads and Electricity Resources  
for a Three-Week Winter Time Period.
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Zooming into a winter week (January 1-7), Figure 49b 
compares the neighborhood loads and dispatch for 
the 100% clean electricity neighborhood with loads 
from buildings with existing enclosures versus the 
100% clean electricity neighborhood with loads from 
buildings with passive enclosures. Note the callout on 
the left for a 1000 kW marker – the entire dispatch 
cycle for the passive enclosure case fits under this 
line, whereas the existing enclosure dispatch cycle 
is often 4x that. These differences in neighborhood 
peak loads have implications on the capacity of other 
components in the system, such as distribution lines.

Summer Period–July 1-21: Figure 50 shows the same 
system size in a summer season, note the amount 
of time that the battery is charging (orange) and 
covering the load (blue), versus direct from PV load 
coverage (red), it is almost not visible relative to the 
scale of the output of the PV system. Also note the 
state of charge of the battery, remaining above 
90% almost the entire summer as a result of the 
consistent excess PV charging. And, possibly most 
importantly, note the amount of curtailment (yellow) 
that must occur because the system was sized to 
meet peak loads (not the summer) – in most cases this 
could be fed back to the macrogrid but as the grid 
decarbonizes with similar renewable resources, the 
macrogrid may also have excess production during 
this time due to seasonal differences in resource 
output for a given capacity.

Fig 49b. January 1-7, Comparison of Neighborhood with Existing Enclosure  
vs. Neighborhood with Passive Enclosure

Fig. 50. Interactions of Neighborhood with Existing Enclosure Loads  
and Electricity Resources for a Three-Week Summer Time Period.
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C8. OTHER NOTES
C8.1 Supplemental Architect’s Guide
The research embodied in these case studies was conducted to support the 
development of the Architect’s Guide to Ultra-Low-Energy Buildings, Microgrids, 
and Direct Current. This case study report is a companion document to that 
Architect’s Guide. Background information on the constituent components of 
these cases–specifically low and ultra-low energy buildings, microgrids, and 
direct current–will be found in the Guide. The Guide also provides more context 
on the design variables and design objectives that are explored in these cases. 
Conversely, key findings from these case study investigations are presented as 
design recommendations in the Guide.

C8.2 Future Work
This study serves as a pilot study to the interactions between building enclosure, 
decarbonization, and resilience. However, it became clear early on in this 
investigation that the industry is lacking tools to model all of the interactions 
desired, which includes:

• Exchange of energy between buildings,

• The central balancing of loads within a microgrid boundary based on energy 
supply availability

• De-centralized coordination of DERs through signal exchanges

• Load flexibility of other elements such as water heating and large appliances

• A real-time dynamic flexible load (with REopt, a fixed load profile is input), with the 
incorporation of maintaining desired outcomes (i.e. not floating above or below a 
defined a setpoint, maintaining a critical volume of water in a water heater)

• Real time dynamic pricing for electricity including cost of marginal carbon emissions

• Capturing efficiencies from reduction of conversion losses when using direct 
current distribution networks (versus alternating current) for on-site solar and 
storage systems

• Stochastic modeling of occupant behavior for use of large appliances, plug 
loads, and general occupancy (though we believe this is include in the next 
release of BEopt)

• Cost (or avoided cost) of electrical service upgrades upon electrification, and 
payoff of reduced peak load. This occurs at both the individual building and 
neighborhood scale.

 
 
 
Given the amount of variables in the simulation, many other sensitives could be 
studied. Some of interest are: 

Cost of Carbon Emissions - Studying a range of emissions, similar to a scenario 
where a “carbon tax” or fine to see how this impacts decarbonization goals and 
financial feasibility of generation and storage systems

Cost of Health Impact - The REopt tool allows the user to include the cost of health 
impacts in the financial analysis for decarbonization goals. This was not studied, 
but would be interesting to understand the implications.

Cost Benefits of Security - Self sustaining microgrids 

Varying Net Metering Structures - To study variances like utility buying back excess 
power at real-time wholesale prices vs. a monthly net metering structure.

Financial Opportunity for Microgrid Owner/Neighborhood - In many of the 
scenarios, the solar and storage that may be required for sustained resilience 
during outages may be oversized for optimal use during daily operation. In these 
instances, it would be interesting to explore the financial case for the neighborhood 
microgrid selling excess power back to the grid, whether that is excess generation 
while produced, or from energy storage resources when the grid is peaking and 
marginal prices are high. This exchange would likely allow for cost savings on the 
utility/energy providers end, as well. 

Direct Current - It was initially believed that a transition within residences to direct 
current (DC) loads would have a substantive impact on the electrical and energy 
performance of buildings–especially when such buildings were assembled into 
neighborhood microgrids. At this time, the tools (both simulation and financial) to 
fully explore this supposition are not readily available. 

It is clear that a building or neighborhood that operates fully on DC power can 
improve efficiency by 10-15% compared to a situation where AC (alternating current) 
is converted to DC to operate DC devices (which are becoming ever more common in 
buildings). Likewise, converting DC produced by PV arrays and/or stored in batteries 
into AC for re-conversion back to DC at end use is not terribly logical. 

Hybrid systems may be set up that use a DC distribution network between on-
site generation/storage to DC loads, however, unless the entire system runs on 
DC, there is still a need for an AC distribution network which means redundancy 
and more infrastructure required. The only way to truly avoid AC-DC or DC-AC 
conversion losses is to operate a system that is either fully AC or fully DC. It is unlikely 
that the macrogrid will become a DC grid, thus going fully DC at this time would 
require development of standalone buildings or microgrids that are not normally 
connected to the macrogrid. The implications of such an approach might be 
studied in follow-on research.



© Phius  Page 112 of  145

Electric Vehicles (EVs) - Electric vehicle charging (and discharging) could make 
a significant difference in the load profiles studied. The charging could be 
incorporated as a “smart” building load, utilizing excess renewable energy. The 
battery of the EV itself could essentially serve as “mobile energy storage”, whereas 
the storage studied was assumed to be fixed or stationary within the microgrid. 

Other Climates - Milwaukee is a heating dominated climate, and therefore the 
peak loads occur in the winter. Other climates that are more balanced or cooling 
dominated may offer different solutions.

Neighborhoods with Load Diversity - As mentioned in the study, a group of 
residential buildings tends to have similar loads. Including buildings with patterns 
of occupancy that don’t align with residences, like offices or schools, would impact 
the system requirements and likely allow for greater utilization of the renewable 
and storage systems.

On top of varying simulation factors, it is clear that the 
efficiency of the low-load building ripples throughout 
the entire system. Future studies will include gaining an 
understanding of all of the individual components in the 
system that are affected by peak loads and how reducing 
the building load has a cascading effect. How much 
savings truly can be realized through a low-load design?

To be continued.
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Storage: a process or device that can accept a 
resource at one time for release or use at a later time

Thermal Storage: a device that stores heat, such as 
a hot water tank, concrete mass, or even building 
enclosure

Electrical Storage: a device that stores electric 
charge, such as a battery or capacitor

GLOSSARY
AC: alternating current; electric distribution method 
in which voltage and direction of current change 
sinusoidally with time; today’s standard for power 
distribution in US electric grids

Battery: an energy storage device that stores 
electricity

Critical Load: defined electricity loads desired to 
be available during a macrogrid outage

Critical Load Duration: desired length of availability 
of a critical load during a macrogrid outage

DC: direct current; electric distribution method in 
which voltage and direction of current are constant 
over time; many loads and some sources are direct 
current

Decarbonization: effort to reduce the carbon 
emissions associated with some human activity (such 
as heating, cooling, or transportation)

Demand (kW): the power draw of a system at some 
defined point in time (such as at 5:00 pm)

Peak Demand: the maximum power draw 
experienced by a system during some defined 
time frame (such as a week, season, year); 
common secondary basis for electricity billing for 
commercial/institutional customers

Design Filter: a value proposition (such as low 
monthly bills, resilience, low carbon emissions, grid 
stability) that is used to evaluate the appropriateness 
and effectiveness of a proposed solution

Electrification: effort to replace consumption of 
natural gas with electricity–on the assumption that 
resulting carbon emissions will eventually be lower 
than from gas

Energy (kWh): the product of power and time; 
represented by the area under a load profile; typical 
basis for electricity billing for residential customers

EV (Electric Vehicle): for this Guide–a car or light 
truck that will be charged from a residence

Grid: for this Guide–a physical network that 
distributes electricity between sources and loads

Microgrid: a small-scale electricity grid (relative 
to existing commercial grids) that includes loads, 
generation and/or storage elements, controls–and 
that can be isolated from the macrogrid

Macrogrid: a large-scale electricity grid; city, 
county, state, and intrastate grids are macrogrids

Nanogrid: typically refers to a one-building 
microgrid

Islanding: the temporary and intentional isolation of a 

smaller grid from a larger grid

Load Aligner: a device or activity that will act to 
better match electricity consumption with electricity 
availability and/or renewable resources with times of 
consumption

Load Disruptor: a device or activity that will 
substantially (> 15%) decrease or increase the energy 
or power use of a building upon installation or 
activation

Load Modifier: a device or activity that will 
incrementally (+/- 10-15%) decrease or increase the 
energy or power use of a building upon installation or 
activation

Point of Common Connection (PCC): the single point 
where a microgrid connects to a macrogrid

Power (kW): the magnitude of energy draw at a 
given point in time

Profile (Load or Generation): a plot of power versus 
time, often expressed at daily or annual time scales

PV (Photovoltaics): an energy conversion process 
or device that converts solar radiation directly into 
electricity; produces DC power 

Resilience: the ability of a system to survive and come 
back after experiencing a severe disruption event 
(such as a flood, ice storm, hurricane, system hack), 
or the ability to maintain some level of critical load 
during a severe disruption event
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I-2: Islanding: Understanding PV Disconnect Systems
The components and arrangement of a PV disconnect system can vary based on 
the intent of the system and in the presence of energy storage. A detailed guide can 
be found here:

https://www.mayfield.energy/technical-articles/nec-2017-pv-disconnect-
placement/

APPENDIX I: OTHER RESOURCES

I-1: Key Microgrid Resources
US Department of Energy Initiatives: 

• The US Department of Energy is working toward the implementation of microgrid 
pilot projects in their “Connected Communities” Program:
https://www.energy.gov/eere/solar/connected-communities-funding-program

• GEB Roadmap: grid-interactive technology is a key component of microgrid 
operation. The GEB Roadmap discusses the existing and emerging technologies 
related to GEB deployment: 

Microgrid Knowledge: Is an organization devoted to providing news on microgrids 
including markets, policies, trends and technologies. They publish articles and white 
papers.

https://www.microgridknowledge.com/

SEPA (Smart Electric Power Alliance): Is a non-profit organization with a mission 
to accelerate the electric power industry’s transformation to a modern energy 
future through education, research, standards, and collaboration. They focus on 
electrification, grid-integration, and regulatory and business innovation. 

https://sepapower.org/

EMerge Alliance: is a member based non-profit organization formed to create 
and promote the adoption of new standards for DC and hybrid AC/DC power 
infrastructure in buildings, neighborhoods, and communities with the goal of 
providing greater power resiliency, surety, and equity. They provide educational 
resources, webinars, etc.

https://www.emergealliance.org/

NASEO (National Association of State Energy Officials): NASEO is a US non-profit 
association that provides support for the governor-designated energy officials 
from each of the 56 states and territories, NASEO facilitates learning among state 
energy officials and serves as a resource for and about State Energy Offices; 
NASEO has a number of publications related to smart electric grids and microgrids.

https://www.naseo.org/publications 

https://www.mayfield.energy/technical-articles/nec-2017-pv-disconnect-placement/
https://www.mayfield.energy/technical-articles/nec-2017-pv-disconnect-placement/
https://www.energy.gov/eere/solar/connected-communities-funding-program
https://www.microgridknowledge.com/
https://sepapower.org/
https://www.emergealliance.org/
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APPENDIX A: SIMULATION INPUTS & RESULTS (WUFI PASSIVE)

Table A-1. Common Inputs for all WUFI Passive Models
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Table A-2.1. Common Inputs for All Single-Family WUFI Passive Models
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Table A-2.2. Variable Inputs for All Single-Family WUFI Passive Models
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Table A-3.1. Common Inputs for All Duplex WUFI Passive Models



© Phius  Page 119 of  145

Table A-3.2. Variable Inputs for All Duplex WUFI Passive Models
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Table A-4.1. Common Inputs for All 6-Flat WUFI Passive Models
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Table A-4.2. Variable Inputs for All 6-Flat WUFI Passive Models



© Phius  Page 122 of  145

APPENDIX B: SIMULATION INPUTS & RESULTS (BEOPT)
The tables below outline the detailed inputs for BEopt software. The first table outlines the inputs shared by all of the models for the typical loads. The following outline the 
project-type specific inputs, both those that were common throughout each type (single-family, duplex, 6-flat) and those that varied based on enclosure performance 
(existing, code, passive)

Table B-1. Common Inputs for all BEopt Models
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Table B-2.1. Common Inputs for all Single-Family BEopt Models
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Table B-2.2. Variable Inputs for all Single-Family BEopt Models
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Table B-3.1. Common Inputs for all Duplex BEopt Models
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Table B-3.2. Variable Inputs for all Duplex BEopt Models
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Table B-4.1. Common Inputs for all 6-Flat BEopt Models
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Table B-4.2. Variable Inputs for all 6-Flat BEopt Models
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Table B-5 outlines the inputs used specifically to 
simulate the critical load during an outage. This 
critical load was defined somewhat arbitrarily, and 
included the load required to maintain a setpoint on 
the interior that is within a reasonable comfort range. 
It also included some lighting, mechanical ventilation 
(for the Phius cases with mechanical ventilation 
equipment), keeping the refrigerator running at 
normal load, and enough plug load energy to charge 
cell phones.

The definition of critical loads is not standardized, 
and different projects may have different goals. 

Table B-5 Inputs for all Critical Load / Outage Simulations in BEopt
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APPENDIX C:  SIMULATION 
INPUTS & ALL RESULTS (REOPT)
C-1: REopt Simulation Inputs & Defaults
Below is a table of all inputs used in the REopt simulations carried 
out for this study. The table lists the default values, or some may be 
described as “main” values used in the simulation (for places where 
default values are not possible such as climate and load profile).

The full description of model inputs can be found in the REopt User 
Manual: https://reopt.nrel.gov/user-guides.html

Table C-1. Reopt Simulation Inputs: Defaults and Variables

https://reopt.nrel.gov/user-guides.html
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Table C-1, cont. Reopt Simulation Inputs: Defaults and Variables
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C-1.1: Carbon Emissions Profiles
For this study, multiple carbon emission profiles were used for simulations and 
sensitivity analysis. 

The built-in emissions profile in REopt is from EPA AVERT, which reflects the 
current grid emission levels at a regional level. This emission source was used 
in all simulations unless noted otherwise.

Four different emissions profiles were studied. These profiles were sourced 
from NREL Standard Scenarios 2022 Cambium Mid-Case scenario data which 
represents a future grid-mix projection based on policies in place. From this 
data, the CO2e (equivalent) long range marginal emission rates (LRMER) were 
selected, and both the GEA region level and state level data was studied. The 
rates that were used in the REopt simulations were:

• 2024 RFCW Regional Emissions

• 2030 RFCW Regional Emissions

• 2050 RFCW Regional Emissions

• 2050 Wisconsin State Level Emissions

The NBI (New Buildings Institute) Grid Optimal Emissions Rates were also 
studied relative to these other options. These rates were also derived from 
Cambium data, NREL Standard Scenarios 2021 Cambium Long Run Marginal 
Emissions Rate Forecasts, at US State level, averaged over each even year 
2036-2044. More information on that program can be found here: https://
newbuildings.org/resource/gridoptimal/

Fig. C-1. Comparison of Hourly Emissions Rates from Various Sources, January 1-10

Fig. C-2. Comparison of Hourly Emissions Rates from Various Sources, June 1-10

Table C-2: Emissions Rates - Minimum, Maximum, Average

https://newbuildings.org/resource/gridoptimal/
https://newbuildings.org/resource/gridoptimal/
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Table C-3.1. Building Level Results for REopt Runs 1-81

C-2: REopt Simulation Results
Below is the full list of unit-level results for all 150 REopt simulations completed. The results are normalized per dwelling unit for means of comparison between case results– 
the single-family results were left as-is, the duplex level results were divided by 2, the 6-flat results divided by 6 units, and neighborhood results divided by 55 dwelling units.
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Table C-3.1, cont. Building Level Results for REopt Runs 1-81
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Table C-3.2. Neighborhood Level Results for REopt Runs 82-150

Table C-3.1, cont. Building Level Results for REopt Runs 1-81
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Table C-3.2, cont. Neighborhood Level Results for REopt Runs 82-150
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Table C-3.2, cont. Neighborhood Level Results for REopt Runs 82-150
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APPENDIX D: SIMULATION INPUTS (FLEXIBLE LOADS)
Flexible loads were generated from the typical loads by manipulation of data in Excel. 

The 876th highest emission hour was determined as the value in which above that 
signaled the highest 10% of annual grid emission factors. For hours with an emission 
factor in the top 10%, the space heating and space cooling was subtracted from 
the total building load. 

The next 15% highest emission factor hours (between 877th 2190th) were determined 
to signal a reduction in space conditioning load. The “typical” heating or cooling load 
was subtracted from the total load, and the “critical” heating or cooling load at that 
time was added back in. This was to represent that the space conditioning system 
may shed load but not completely cut it. The HVAC system was set to maintain a 
range of 68-77F during typical operation, and 55-85F during critical operation.  

There is also significant potential in load flexibility through load shifting with water 
heating and adjusting the timing of appliance energy use. For this study, this was 
excluded. Future tools, such as BEopt 3.0 may include more built-in capabilities for 
more sophisticated demand response measures. 

APPENDIX E: RESSTOCK DATA
To define the existing building stock in Milwaukee, Wisconsin, NREL’s ResStock 
database was utilized. The filters for data extraction were for buildings from 1970’s 
to pre-1940’s, and for Milwaukee Mitchell Intl Airport. The tables below summarize 
the data retrieved, in which averages were carried into the simulations.

Table E-1: ResStock Existing Window Data
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Table E-3: ResStock Roof & Ceiling Insulation Data

Table E-1: ResStock Existing Window Data
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Table E-4: ResStock Slab / Floor Insulation Data Table E-5: ResStock Infiltration / Airtightness Data

Table E-2: ResStoc Wall Insulation Data
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A. ResStock47: This free online database was used to define the existing 
enclosure conditions for the individual buildings in Milwaukee, WI.

B. 2021 IECC48: The 2021 IECC, specifically the prescriptive enclosure 
requirement tables, was used to define code-compliant enclosure 
performance for the code-compliant cases in the simulation.

C. Phius 2021 Space Conditioning Criteria Calculator49: This tool was used 
to find the project-specific performance metrics required for compliance 
with Phius CORE certification, and was used to set certification 
requirements for the passive-building compliant buildings. It requires the 
input of: (a) Climate, (b) Building Floor Area, (c) Building Enclosure Area, 
and (d) Building Occupancy. 

D. WUFI® Passive Energy Modeling Software50: This tool verifies compliance 
with the performance targets output from the critica calculator above. As 
with most building energy models, it requires the full building configuration, 
the thermal performance of the building enclosure, efficiency of 
mechanical equipment, appliances, and lighting. 

E. Phius CORE Prescriptive Snapshot & Compliance Checklist51, 52: Though 
not used specifically for this study, this tool could have been used to 
determine Phius-compliance with the prescriptive path for the single-
family case study. If this were the case, the single-family project would not 
have required the use of the criteria calculator or WUFI Passive tool.

F. NREL BEopt (Building Energy Optimization) Modeling Software53: 
This tool runs on EnergyPlus and simulates hourly (and sub-hourly) 
building loads based on input building characteristics or optimization 
goals. The tool itself is natively an optimization software which can 
run parametric studies to determine least-cost solutions, but that 
mode was not utilized for the purposes of this study. In this study, 
BEopt was used simply to generate hourly load profiles (typical and 
critical) for the various building sizes and enclosure performance.  
*Note that the optimization engine in BEopt was used for a significant 
portion of the standard-setting process for Phius’ climate specific passive 
building standards

G. NREL REopt (Renewable Energy Optimization) Modeling Software54: 
This tool was used for all simulations and goals that included renewable 
energy generation, energy storage, resilience, emissions reductions, clean 
energy goals, etc. 

H. URBANopt (Urban Renewable Building and Neighborhood Optimization) 
Modeling Software55: At face value, this tool was described to perform the 
exact simulations one may be looking for in microgrid design. However, 
after initial exploration, it was determined that while the tool specifications 
seemed to fit the goals of the project, the tool and user interface were not 
ready for public consumption. Therefore it was not used directly in the 
research.

I. NREL Cambium56: This tool was specifically used to derive profiles for 
grid-electricity emissions in future years, used for REopt simulations 
and sensitivity analysis when studying requirements to meet emission 
reduction goals.

J. Microsoft Excel / Google Sheets: This tool was used to manipulate hourly 
load profiles from typical loads on flexible loads, using spikes in hourly 
emissions to shed space conditioning loads.

K. HOMER Grid57: A trial license of this tool was obtained for the purposes of 
exploration in the study. While the description of this tool appeared in line 
with research objectives, ultimately we did not find that this tool was useful 
in the bounds of the research but is still included here as it is believed to be 
useful with future research. With limited exploration, the tool appears to 
be utilized by large utility customers to determine various scheduling of 
loads and storage to avoid peak demand charges and other tariffs. 

L. HOMER Pro58: Similar to HOMER Grid, a trial license was obtained for 
exploration. Again, the intent of the tool is in-line with the research 
objectives but this tool was not used. Although intended for use during 
the design of microgrids of the type discussed herein, the input lumps 
all individual building loads into one load profile (without interaction 
potentials)--which is what REOpt also does. It is included in this list because 
further exploration will be included in future research.

APPENDIX F: BUILDING SIMULATION / MODELING TOOLS
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