


Good Morning! 



Who Are  We - Who Are  You?

We are part of this amazing, 

vibrant, Phius community that is 

constantly evolving, challenging 

status quo, dogma and each 

other.  We have created an 

information exchange 

network  really comes to life at  

events like the Pro Forum where 

we can share knowledge and 

experience.  That is what we’re 

here to do today.



Why Are  You He re ?

De sig n Mod e ling Fund ame ntals

Ve ntilation DHW Heating /Cooling

Sp e cific Proje ct Q ue stions Multifamily Climate  Base d  Q ue stions



Why Now?



Agenda

Morning

• Introduction to Team and Attendees

• Phius Project Stats

• Building Systems – Basic Concepts / Fundamentals

• Multi-family Design

• Q & A Throughout

Afternoon

• Commercial Design- Office

• Design Exercise- School, Multifamily

• Wrap-up



Graph Credit for Phius Stat Slides
Haley Kalvin-Gold
Phius, Building Certification Manager

Phius Ce rtification Stats| Exp one ntia l Growth Continue s



Phius Ce rtification Stats| Multifamily Accounts for Majority

Presenter Notes
Presentation Notes
Final certification numbers are on the rise as the building industry continues to bounce back following the COVID-19 pandemic. Future trends are likely to reflect past and ongoing design certification trends due to typical construction schedules – they typical turnaround time between Design Cert to Final Cert is ~16 month. Future projections for 2024 are estimated based on the quantity of final certified projects between 10/1-12/31 in 2023. The increase in final certifications is expected to continue to rise in 2025 as strides have been made in 2024 to improve the QA/QC on-site processes and as construction comes to a close for projects that were design certified between 2021-2023.



Phius Ce rtification Stats| Northeast Accounts for Vast Majority of Pro je cts



Phius Curre nt Active  Pro je ct Stats| Pre d ominantly MF Ne w Construction  

Presenter Notes
Presentation Notes
There are currently 350 Registered projects and 330 Design Certified projects. This is representative of current future work, as registered projects are currently working through design review, and design certified projects are undergoing construction, or preparing on-site verification documents to submit for final review. These are, however, estimates as some projects inevitably fail or become disengaged along the way. Regardless, 680 projects are actively on their way to becoming Phius Certified Projects. 



Phius Load s & Syste m Fund ame nta ls

Ge ne ral: Ene rg y Flows

HVAC Basics

• Se nsib le , Late nt

• Ve ntilation Load s

• Phius Load  Diffe re nce s

• HVAC Load  Inp uts

DHW Basics

• Efficie nt Layouts

• Re circ Loop s

• DHW Load s



12

HOT

CO LD

WET

DRY

HIGH

LO W

Ene rg y Always Flows from Hig he r to  Lowe r Conce ntrations

Presenter Notes
Presentation Notes
We are going to take a moment to sum up building science’s golden rules.  When it comes to understanding the heat, airflows and moisture dynamics of a building, it can be boiled down to the three rules (physical laws): Hot goes to cold for heat flows, high goes to low where pressure differentials are concerned and wet goes to dry. 



Take -away:

The  comp arative  imp act 

on a  ne t b asis may not 

show up  e ve n in mod e ls 

that account for rad iative  

heat transfe r.  Howe ve r, 

the  localize d  imp act on 

comfort can b e  ve ry 

sig nificant.

Rad iative  Heat Transfe r

Q  = σ * F * (T1
4 - T2

4)

Q  = 165  W/m² or 15  W/  ft²

Q  = 52  Btu/h/ ft²

Q  = 10 Btu/h/ ft²

Wall R10 @40˚F ΔT

Skin to  Glass 40˚F ΔT

Lig hting  Load  90 .1-2022

O ffice = 1 .00  W/ft²

Presenter Notes
Presentation Notes
Assumption is that F=1 which is high.  Even if you lower that by 1/2 , it’s still high.



Take -away:

Eve n in co ld  climate s, cooling  

load s are  usually d ominant.  

While  se nsib le  load s can b e  

sig nificantly re d uce d , late nt 

load s cannot.  This means 

humid ity load s and  syste m 

late nt contro l cap ab ilitie s 

must b e  e valuate d .  This 

e sp e cia lly hold s true  for hig h 

occup ancy d e nsity sp ace s.

Cooling  Load s O fte n Dominant

Sensible

LatentSensible

This ratio  is ca lle d  
the  SHR, Se nsib le  
Heat Ratio.  The  
lowe r the  value , 

the  larg e r the  % of 
late nt load .



Wate r is Ne ithe r Create d  Nor De stroye d  Sp ontane ously



Why are  late nt load s a  b ig g e r challe ng e  in PH b uild ing s?  

Atte nd e e s

1 2 3



Why are  late nt load s a  b ig g e r challe ng e  in PH b uild ing s?  

1 2 3

Ve ntilation 
Load s

Lowe r Se nsib le  
Load s

Eq uip me nt 
Late nt 

Cap acity



Partia l Load  Cond itions 
O ccur in Sp ring , Fall and  mild  
Summe r d ays/e ve ning s.

Te mp e rature s are  warm b ut not 
hot and  humid ity is ofte n hig h.

Se nsib le  load s are  low 
Humid ity load s are  hig h

75F and  50% RH= 65 g ra ins/ lb

Partia l Load s are  Fre q ue nt

Presenter Notes
Presentation Notes
https://cdn.cdp.net/cdp-production/cms/reports/documents/000/005/759/original/CDP_Cities_on_the_Route_to_2030.pdf?1621329680
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Ve ntilation Late nt Load s @ 80 cfm

Phius CORE Ventilation Requirements
Single or Multi-family <4 Exhaust* Supply**

# Bedrms (Nbr) # Baths Design cfm Design cfm
1 1 45 30
2 1 45 45
2 2 65 45
3 2 65 60

Multi-family >4 floors Exhaust*** Supply**
# Bedrms (Nbr) # Baths Design cfm Design cfm

1 1 70 30
2 1 70 45
2 2 90 45
3 2 90 45

80 cfm, sp litting  the  d iffe re nce  for 
>4 story multi-family b uild ing .
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Presenter Notes
Presentation Notes
The top contenders here, know they have a problem.  But what about the loads in orange?  Remember these are partial load conditions with almost no sensible gain.  So, what happens to the humidity?



Load  Conve rg e nce
Across Climate  Zone s 

Boston/Sapporo

Austin/Tokyo

Miami/Hong 
Kong

Hig h Pe rforming  Enve lop e s

TO KYO

SAPPO RO

AUSTIN

BO STO N

IMAGE: OHASHI ARCHITECTURE OFFICE
          （ 有）大橋建築設計室       

Sayo Okad a, 
AIA, CPHC



Build ing  Load  Tota ls
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WUFI vs Man J  Load  Comp arison

3.55

4.59

3.07

4.15

3.49
3.66

1.84

2.91

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

Sapporo Boston Tokyo Austin

Bt
u/

h/
ft

²

Heating Load Btu/h/sqft

Man J Htg WUFI Htg



WUFI vs Man J  Load  Comp arison
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Presenter Notes
Presentation Notes
This is important bc the greater the difference between your loads, the more difficult is going to be to appropriately size equipment for both comfort and efficiency.



Inp uts Imp acting  Load s
Load Input Default Might Be… Problem

Window Specs- SHGC 0.39 for CZ 5A 90.1-2022 
for 10-40% window-wall 

Even cold climate projects 
with low sensible loads, 
higher occupancy density, 
little to no shading need 
lower SHGC 

Occupancy Fire Code Prescribed

Schedules Based on Max Use, Worst 
Case or Your Last Project

Ventilation Rates 2-3 times higher than 
necessary

Internal Loads Office 90.1-2022 
1.1 W/ft²

Presenter Notes
Presentation Notes
Ask practitioners in the audience for examples of typical SHGC’s.  



Che ck with Gale n and  Jame s for an EIS or 
e + multi-family load



I LOVE Mag ic Tricks But…

Unle ss your ERV has a  

Re circulation mod e  that is 

op e rating  on d e mand  not just for 

d e frost, the y d o  not move  

cond itione d  a ir into  rooms with 

close d  d oors.  This can b e  a  BIG 

comfort p rob le m in b e d rooms 

and  e sp e cia lly in humid  climate s.

Presenter Notes
Presentation Notes
Ask practitioners in the audience for examples of typical SHGC’s.  



Heat Re cove ry VRF Syste ms... 
Mig ht b e  the  rig ht choice  for your 

p ro je ct. For examp le , whe n you 

have  ap p lications whe re  it is 

re q uire d  to  have  ce ntra lize d  

syste ms that can p rovid e  heating  

and  cooling  at the  same  time .  

Howe ve r, this is comfort choice  

NOT an e fficie ncy choice . It is 

imp ortant to  commission 

op e rating  p arame te rs to  limit 

ce rta in mod e s of op e ration as 

much as p ossib le  in p artia l load  

cond itions.  

Presenter Notes
Presentation Notes
Ask practitioners in the audience for examples of typical SHGC’s.  



DISCUSSION/ 
QUESTIONS  



DHW Phius Basics  



Hot Wate r in Multi-Family

Agenda
1. Is Hot Water Heating Energy a Big Deal?
2. Heating Energy, Recirculation Energy, and 

Parasitic Loads
3. Multi-Family Heat Pump Strategies – 

Central vs. Distributed
4. Sizing and Piping Network Design 

Considerations
5. Heat Recovery Opportunities

Presenter Notes
Presentation Notes
I am going to talk about hot water heating strategies in low energy multi-family buildings, and specifically electrified water heating approaches. 

I’ll talk about why hot water heating is a big deal in low energy buildings, and what the biggest energy using components of a hot water heating system are.
Then I’ll talk about some hot water heating strategies for multi-family passive house projects.

After that I am going to talk about some heat recovery opportunities, and discuss sizing and design considerations for hot water heaters and piping systems.



Interior 
Lighting, 18%

Plug Loads, 29%

Space Heating, 8%

Service Water 
Heating, 31%

Space Cooling, 
4%

Interior Fans, 
8%

Passive Building

Space Heating, 58%

Water Heating, 17%Air Conditioning, 
2%

Plugs & Lighting, 
24%

Typical MF Building in the NE

Hot Wate r in Multi-Family in the  North East

Presenter Notes
Presentation Notes
This figure shows the approximate contribution of hot water heating in multi-family buildings. The graph on the left is from measured energy consumption in existing buildings, and the one on the right is for a passive house project. 

Water heating is a significant portion of energy consumption in any building. In a passive house project, once heating and cooling loads have been reduced, hot water loads can make up almost a third of energy consumption for the project.



• Gas Primary Energy Factor = 
1.05
• Electricity Primary Energy 
Factor = 2.8
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Doe s Heating  DHW with Heat Pump s Re d uce  Carb on?

Presenter Notes
Presentation Notes
In the past there has been some argument that heating water on-site with fossil fuels is better overall than using electricity for hot water heating. Based on the current, average fuel mix in the electrical grid, and with the efficiency gained by current heat pump hot water heaters, electricity clearly wins out when we look at primary energy and overall carbon emissions. 



2050 Comparison – Cleaner Grid

• Gas Primary Energy Factor = 
1.05
• Electricity Primary Energy 
Factor = 1.73
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Presenter Notes
Presentation Notes
As the grid gets cleaner, this will continue to improve. Predicted grid fuel mix for 2050 shows heat pump based water heating saving 75% or more carbon over fossil fuel based water heating. So clearly it makes sense to electrify hot water heating, and to do it with heat pumps. An additional benefit of hot water electrification is load shifting, which is starting to be an advantage for electrical utilities looking to control peak demands. James is going to talk in more detail about cost. Depending on the relative cost of gas and electricity in a location, moving to heat pumps can increase operating costs.



Presenter Notes
Presentation Notes
Hot water heating energy can be broken down into four major categories:

The energy required to heat the water from ambient ground temperature to 120 degrees or so

The energy lost through recirculating and delivering hot water to the building occupants

Standby losses from storing hot water in tanks

And pump energy for re-circulating hot water

The graph above shows the relative contributions of these factors to hot water heating energy. It is easy to see that recirculation losses can potentially be a huge factor, and that tank stand by losses should also be considered.





How to Reduce Water Heating Energy:

• Reduce Consumption - (Low flow)
• Use Waste Heat - (Heat Recovery)
• Efficient Generation - (Heat Pumps)
• Free Heat - (Solar HW)

Presenter Notes
Presentation Notes
Generally, the largest energy input is required to heat the water up. These are some of the ways we can reduce hot water heating energy:

We can reduce hot water consumption through the use of water efficient fixtures and appliances

There are potentially many sources of waste heat in a large building, such as waste air conditioning heat, waste heat from transformers and IT equipment, or waste heat from drain water. Use of this waste heat to heat hot water can greatly reduce energy inputs.

Obviously we can reduce water heating energy through efficient generation, the higher the COP of the heat pumps get the lower our energy cost

Additionally we can take advantage of free available heat, through solar hot water heating, or other heat sources



How to Reduce Recirculation Losses:

• Eliminate Recirculation - (Distributed 
Generation)

• Reduce Length of Recirculation - (Layout)
• Demand Based Controls
• More Pipe Insulation
• Efficient Generation - (Heat Pumps)
• Free Heat - (Solar HW)

Presenter Notes
Presentation Notes
A major choice in the design of hot water heating systems for larger buildings is the question of a central vs. distributed system. Distributed hot water heating allows elimination of recirculation losses entirely. If a central plant is desired, many other measures can be used to minimize recirculation losses. 



How to Reduce Standing:
• More Insulation
• Store Less Water - (Central or Semi-

Central)
• Efficient Generation - (Heat Pumps)
• Free Heat - (Solar HW)

Pump Energy
• Eliminate Recirculation
• Demand Based Controls
• Less Pipe Friction
• Efficient Pumping

Presenter Notes
Presentation Notes
Tank standby losses can be a significant factor in a distributed hot water heating system. In a building with 100 apartments, if they each have a tank type hot water heater, we have 100 tanks losing heat continuously. Standby losses are typically not a significant factor in centralized systems.

Re-circulating pump energy is generally not a significant factor in a well designed system. But it is important to take care that the pump is not oversized, is variable speed, and only runs when necessary.



Smart Archite ctura l Layout

2x DCW, DHW & SAN Be Smart!



DHW Sizing  | Actual Load s >40% Le ss
HW heate rs a re  ove rsize d  b ase d  on outd ate d  
assump tions for fixture  flow, and  occup ant d ive rsity.

Example: 

- 60 occupant apartment building

- Standard ASHRAE assumptions:

- 210 gallons storage

- 82,000 BTU/HR heater

- Adjusted for modern fixtures and Diversity:

- 110 gallons storage

- 41,000 BTU/HR heater

Presenter Notes
Presentation Notes
In order to cost effectively electrify domestic hot water systems, we need to right-size the systems. Those high temperature heat pumps are expensive! Hot water heating, and domestic water system in general, are often hugely oversized. The industry standard data, and the plumbing codes, are based on very old measurements of consumption that have not been fully updated for low flow fixtures, and were probably not measured accurately in the first place! Gary Klein has done pioneering work in this area, and has several excellent presentations on right sizing hot water systems, which I highly recommend.

One of the reasons that hot water heaters have been hugely oversized is that gas hot water heaters are cheap, and it generally doesn’t cost much to oversize the equipment by a factor of 10x to 20x. With heat pumps we want to be more careful, so we are not wasting money.



Reprinted from: Goldner, F.S., and Price, D.C. - Domestic 
Hot Water Loads, System Sizing and Selection for 
Multifamily Buildings
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HW Consumption 
Measured Data

HW Consumption Study for 95 
unit Senior Housing apartment 
building.

24 hour monitoring study.  Courtesy of IntelliHot

MEASURED USE PEAK 
LOWER THEN DESIGN24 HOUR 

DATA

Presenter Notes
Presentation Notes
This is some measured data from a monitoring study of a 95 unit senior housing building in Virginia, with a central hot water heating plant. This study found the peak hot water flow rate to be less than 15 gallons per minute, with the peak hour dramatically lower than the ASHRAE curve predicted. 



HW Consumption 
Measured Data

HW Consumption Study 
for 99 unit Senior 
Housing apartment 
building in NY.

Colonial I monitoring study.  Courtesy of P. Skinner & G. Klein.

Presenter Notes
Presentation Notes
We are currently working on a project in Rome NY. Peter Skinner and Gary Klein have measured consumption in the building, a 99 unit senior housing building, and when corrected to remove the re-circulation flow rates, found the use profile to be as shown, with peak flow rates below 3 gallons per minute. Based on these data we were able to down-size our heat pump central plant by 35%. We are providing electric resistance as a back up incase an unforeseen peak use period appears, but we expect it will never be used.



More Data

Florida Solar Energy Center



THREE – 199,000 BTU/HR GAS 
TANKLESS HW HEATERS
TOTAL CAPACITY: 597,000 BTU/HR
TOTAL HEATER COST: ~$6,000

FOUR – 15,000 BTU/HR HEAT 
PUMP HW HEATERS
TOTAL CAPACITY: 60,000 BTU/HR
TOTAL HEATER COST: ~$18,000



DHW De sig n and  Layout  



IAPMO

Presenter Notes
Presentation Notes
In order to design more realistically sized hot and cold water systems, we recommend measurement, if possible. If not possible, use the Water Demand Calculator published by the International Association of Plumbing and Mechanical Officials. This provides much more realistic predictions of peak use rates in multi-family buildings.



System Types

Presenter Notes
Presentation Notes
Now I will talk about different system types and some of their advantages and disadvantages.



Central vs. Distributed?

Presenter Notes
Presentation Notes
One of the biggest questions in HW heating system design is whether to use a central or distributed hot water heating approach, or something in-between. Central system are often employed in multi-family buildings because of ease of maintenance, and cost of components. More distributed approaches have strengths in redundancy, and elimination of re-circulation losses.



Distributed Heat Pumps

One heater per apartment

Sound can be an Issue 
in Small Apartments

Expensive
May Work Well in 
Some Buildings

No Re-Circ Losses

Lower Piping Cost

PROS CONS

More Stand-by losses

Heat load on 
apartment – 
Compressors in Series

Presenter Notes
Presentation Notes
In building with larger apartments, it is possible to consider putting in a heat pump water heater in each apartment. The equipment can be costly, but this is often balanced out by the elimination of a piping system throughout the building. It is only necessary to pipe cold water to each apartment, so hundreds of feet of insulated piping are removed from the design. Major drawbacks of this approach include having to maintain a large number of heaters, the space required, and the potential to create a sound nuisance in the apartment. Because of the noise and air requirement, this approach is generally not compatible with small apartments.



Distributed Heat Pumps

One heater serves multiple apartments

Space for Heaters

More Equipment to 
Maintain

Water Heating 
Redundancy - 
Resiliency

No Re-Circ Losses

Lower Piping Cost

Easy heat recovery 
in the Cooling 
Season

Can be a challenge to 
manage heat pump air

PROS CONS

Presenter Notes
Presentation Notes
An intermediate approach is to serve several apartments with a single heat pump hot water heater. With careful design, this allows elimination of re-circulation piping, but uses significantly fewer hot water heaters. It also provides for redundancy in heating capacity, so if there is a problem with a water heater, only a small portion of the building is impacted.



Distributed Heat Pumps

One heater serves multiple apartments

Presenter Notes
Presentation Notes
We have designed several projects with this approach. It is nice if a mechanical closet can be designed off of the corridor, which allows for maintenance access without entering the apartments. One important factor to consider with this approach is where to put the exhausted air from the heat pump. This is an opportunity for heat recovery, as the heat pumps can help cool parts of the building during the cooling season. We have designed these systems to dump cool air into the corridors, or to use the exhaust system of a centralized ventilation system to take the cold air back to the ERV for energy recovery. Another approach is to integrate the heat pump air flows with an apartment heat pump, as is shown in the drawing. This allows recovery of the cool air that the heat pump generates into the apartment, and uses the heat pump to provide the additional heating required for the hot water during the heating season. In order to make this work the apartment heat pump must be sized appropriately to handle the additional heat load of the water heater.



Central Heat Pump Systems

Re-Circ Losses

Less Redundancy / 
Resiliency

CO2 Based EQ 
Available

Ease of Maintenance 
/ Less EQ 

Heat Recovery 
Possible with Central 
HVAC

PROS CONS

Takes up Less Space

Doesn’t add to 
Building Heating Load

More Complex

Central System Design:
• Minimize time to service 
• Don’t over-size piping network
• Proper HW heater sizing

Presenter Notes
Presentation Notes
Relatively new equipment on the market is making centralized heat pump based hot water systems feasible. Centralized systems take up less space, and most of the maintenance happens in one location. Additionally, it can be easier to take advantage of waste heat recovery with a central system. 

When designing a central plant heat pump system it is critical to pay careful attention to minimizing time to service for the occupants. Back to back bathrooms help, and designing a piping system that brings the re-circulation loop very close to the fixtures, and minimizes pipe size from the loop to the fixtures. A good approach is to recirculate to a manifold in each apartment, and to home-run ½” or 3/8” PEX piping from the manifold to each fixture. 



DISCUSSION/ 
QUESTIONS  



HVAC Load s and  Syste m De e p  Dive -
Gale n Lead , Jame s make  ad d itions at the  e nd  



GALEN STAENGL, PE, CPHC, LEED AP

Presenter Notes
Presentation Notes
As many of you know, passive house had it origins in the US. 

The super insulated Saskatchewan conservation house was designed in the US and included super insulation (for its time), passive and active solar collection, and air-to-air energy recovery ventilation. 

Many of the passive solar houses of the 70s did not have active heating (or cooling). 

So while the inside temperature stayed relatively constant, there was no thermostat, and no easy way to actively control the temperature.



Graph from ‘Natural Capitalism’ by Paul Hawkins, Amory Lovins, and L. Hunter Lovins

Life Cycle Cost 
Minimum

Source: IEA Information Paper:  Energy Efficiency requirements in Building Codes, Jens Lausten

Presenter Notes
Presentation Notes
The PHI passive house system was designed around the concept of “tunneling through the cost barrier”, coined by Hunter and Amory Lovins. 

The idea being that if you continued to add insulation beyond the point of “diminishing returns”, you could get to a point where a dramatic cost reduction would occur by eliminating a system. 

In Germany, this typically meant elimination of a boiler and a hydronic heating system, and according to their rigorous studies, lead to a lifecycle cost minimum for the building project.  



Can we heat it 
with a hair dryer?

1200 sqft x 3.14 BTU/sqft h = 3,768 
BTU/hr = 1,100 W -> YES! 

86 cfm * 1.08 * 40 = 3,715 BTU/hr

Can We Eliminate a System – Heating?

Presenter Notes
Presentation Notes
The architects of the passive house system decided that it still made sense to provide some heat to the building, in order to allow the occupants to control the temperature of their environment. 

There are several ways to do this, but an elegant approach is to put a bit of heat into the ventilation air, which is already distributed around the structure to provide ventilation where it is needed. 

In the example case above, we would need approximately 86 cfm of ventilation air to provide the required heat for the building. 

This is reasonable for a 1,200 sq.ft. house depending on number of bedrooms, bathrooms, and required kitchen exhaust.

So if we use the maximum heating load metric, we come up with a load of 3,768 BTU/hr, which can be met with ventilation air heated to 95 degrees Fahrenheit.



Climate in Germany

76 
Compressor 

Cooling Hours

Presenter Notes
Presentation Notes
It is important to recognize that in Germany, where the Passive House system was developed, there is seldom a need for air conditioning. 

You can see that there are relatively few hours that are above 75-80 degrees.  There is also no need for dehumidification in most cases.

Most of the year, if any cooling is needed, it can be done by opening windows to bring in cool outside air.



Can We Eliminate a System – Cooling?

• Internal gains limit the cooling size reduction
• Latent loads must be treated
• Multi-family presents a special challenge



Highly-insulated 
envelope reduces 
losses by ~ 67%

Loads for a Dorm in Virginia



Triple-Pane windows 
with highly-insulated 
framing systems reduces 
window losses by  60%

Loads for a Dorm in Virginia



Advanced Air Sealing 
reduces  infiltration load 
by ~80%

Loads for a Dorm in Virginia



High-Efficiency Heat 
Recovery reduces 
ventilation load by 95%

Loads for a Dorm in Virginia

~80% 
Heating 
Load 
Reduction



Loads for a Dorm in Virginia

Highly-insulated 
envelope reduces 
losses by ~ 67%



Loads for a Dorm in Virginia

Triple-Pane windows 
with highly-insulated 
framing systems reduces 
window losses by  60%



Loads for a Dorm in Virginia

Aggressive shading 
strategy reduces 
summertime solar 
gain by 90%



Loads for a Dorm in Virginia

Advanced Air Sealing 
reduces  infiltration load 
by ~80%



Loads for a Dorm in Virginia

High-Efficiency Heat 
Recovery reduces 
ventilation load by 55%



Loads for a Dorm in Virginia

High-Efficiency Lighting 
Design reduces lighting 
energy by 50%



Loads for a Dorm in Virginia

People Loads Stay 
the same.



Loads for a Dorm in Virginia

Using measured data for 
plug load estimation 
reduces plug load 
requirements by 43%

~55% 
Cooling 
Load 
Reduction
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Presenter Notes
Presentation Notes
Because of the need for cooling and dehumidification in many of the US climate zones, it is often impractical to eliminate a system as we can in Germany. 

But the same logic applies. 

We can apply rigorous design principles to take advantage of the well insulated, tight passive house envelope to downsize and simplify the mechanical system. 

The objective being to shift cost from the systems to the building envelope, to invest in parts of the building that have a longer useful life, increase comfort, and reduce the lifecycle cost of the building.



Right-Sized Equipment

1 – 6,000 
BTU/hr unit 
serves 350 
sqft ~ 700 
sqft/ton

2 Units, 
17,100 
BTU/hr 
unit 
serves 
350 sqft 
~ 245 
sqft/ton Passive House BuildingStandard

1,400 
sqft/ton
HVAC Cost: 
~$11 / sqft

367 
sqft/ton
HVAC 
Cost: 
~$20 / 
sqft

Lower First Cost  -  Lower Energy Cost   
-  Better Humidity Control

Presenter Notes
Presentation Notes
There are some basic design principles that apply to most system types

The first is right-sizing of equipment, using realistic loads that take advantage of the well-insulated, air-tight passive house construction

Above is a comparison of two, similar multi-family projects, with studio apartments

The project on the left utilized two (2) wall mounted indoor units to serve the apartment, one in the kitchen and one in the living room. This resulted in increased outdoor unit capacity, and a huge increase in equipment cost.

The project on the right utilized one, 6,000 BTU/hr wall mounted unit for the apartment. This was still oversized compared to realistic loads, but was the minimum equipment size available.  

We use a metric of sqft/ton to evaluate how much mechanical capacity is needed for the building. 

Using that metric, the Phius certified building required 26% of the capacity as compared to the code building. 

Cost for the Phius building was a little more than half on a per square foot basis.



Low Static Pressure Design

Passive House 
Building

Standard

Lower First Cost  -  Lower Energy Cost

Unnecessary 
Ductwork

Passive Envelope 
eliminates need to 
heat at the 
perimeter

Less ductwork / low static pressure design.

Presenter Notes
Presentation Notes
Another important design principle is low static pressure design for ductwork and equipment.

Residential HVAC design typically supplies conditioned air at the perimeter wall near windows.

In fact, this is mandated by some housing authorities

Passive Building insulation creates a comfortable environment without the need to wash the windows with conditioning air. 

To take advantage of this, duct systems should be simplified and minimized to reduce fan energy and first cost.



The Load Shift
Advantageous for 
Ventilation System (Or 
Cooling System) to 
Economize!

ERV BYPASSES 
CORE TO ALLOW 
COOL FRESH AIR 
COOLS ROOMS 

DIRECTLY

Presenter Notes
Presentation Notes
Another important design parameter to be aware of is that beefing up the building envelope in a passive building shifts the “balance point” to a cooler temperature.  

It is not unusual for some cooling to be required in these buildings when the temperature is above 40 degrees or lower.  

This is exacerbated in denser buildings, and buildings with 24 hour populations.  Orientation and solar gain play a part as well.

What might seem to be a liability is actually a benefit.  A large opportunity exists to cool with operable windows or economizer type systems.  Additionally, cooling at low temperatures is much more efficient than heating with heat pumps.



Ventilation System 
Climate Considerations 

21%

1%

60%

14%

3%

0%

0% 10% 20% 30% 40% 50% 60% 70%

People

Permeance

Ventilation

Infiltration

Doors

Domestic Loads

Typical Multi-Family Moisture Rates [%]

Much lower in a 
Passive House!

Humidity sources 
dominated by 
ventilation load, 
which varies greatly 
by climate

Presenter Notes
Presentation Notes
Another important consideration is humidity control. 

A lot has been said about problems associated with humidity build-up in tight, well-insulated buildings. 

This is because insulation and shading reduce the cooling load in these buildings, so the air conditioners run less often, which allows latent loads to go un-treated and humidity can build up in the space. Its important to recognize that in most building types, the majority of the humidity load comes in with the ventilation air, and from infiltration. 

We know that in passive house buildings we have greatly reduced infiltration, so the biggest source of humidity is often the ventilation air. This is especially an issue in mixed-humid and hot humid climates.  

For this reason, it is often most economical and energy efficient to treat humidity by drying out the incoming ventilation air. 

The ERV will moderate the humidity, but it is often helpful to provide additional cooling to dry out the air before it is introduced into the building. 

This can often eliminate the need for costly and inefficient dehumidifiers inside the building.



De fine  Load s – Enve lop e  Load s
Energy Demands with Reference to the Treated Floor Area

Treated Floor Area: 7243 ft2

Applied: Monthly Method PH Certificate: Fulfilled?

Specific Space Heat Demand: 4.43 kBTU/(ft²yr) 4.75 kBTU/(ft²yr) Yes

Pressurization Test Result: 0.60 ACH50 0.6 ACH50 Yes
Specific Primary Energy Demand

(DHW, Heating, Cooling, Auxiliary and Household 
Electricity):

27.2 kBTU/(ft²yr) 38.0 kBTU/(ft²yr) Yes

Specific Primary Energy Demand
(DHW, Heating and Auxiliary Electricity): 7.0 kBTU/(ft²yr)

Specific Primary Energy Demand
Energy Conservation by Solar Electricity: kBTU/(ft²yr)

Heating Load: 4.30 BTU/(ft2hr)
Frequency of Overheating: % over 77.0 °F

Specific Useful Cooling Energy Demand: 1.00 kBTU/(ft²yr) 4.75 kBTU/(ft²yr) Yes

Cooling Load: 1.87 BTU/(ft2hr)

In Multi-Family 
Passive House, 
Cooling Loads are 
Dominated by 
Internal Gains!

Presenter Notes
Presentation Notes
A life cycle cost minimum is achieved where the heating system is eliminated.

Challenges in our climate:  We need a cooling system

Challenges for non-residential:  Internal loads are a large drive in system sizing

However, the philosophy is the same.  We work to optimize life cycle cost by aggressively driving down the cost of the mechanical system to help balance the cost of a high performance building envelope.



De fine  Load s – Inte rnal Load s

• In Multi-Family Passive House in Cooling Climates, 
internal loads determine equipment sizing

• The same is true for higher density commercial 
building types

• In these buildings, only a small amount of solar gain 
is useful.

Presenter Notes
Presentation Notes






De fine  Load s – O ccup ancy Load s & Profile s
2 3 4 5 6 7 8 9 10 11

Utilization Pattern

Periods of 
Utilization 

and 
Operation

Begin 
Utilization 

[hr]

End 
Utilization 

[hr]

Daily 
Utilization 

Hours 
[hr/day]

Annual 
Utilization 

Days 
[day/yr]

Annual 
Utilization 

Hours 
[hr/yr]

Annual 
Utilization 

Hours 
During 

Daytime 
[hr/yr]

Annual 
Utilization 

Hours 
During 

Nighttime 
[hr/yr]

1 Sanctuary 18 22 4 55 220 1 219
2 Merkaz 5 22 17 300 5100 3604 1496
3 Office 7 18 11 300 3300 3171 129
4 Conference 8 10 2 65 130 130 0
5 WIC 8 10 2 65 130 130 0
6 Baths 8 10 2 365 730 730 0
7 Kitchen 16 20 4 55 220 111 109

• A good understanding of building 
use profiles allows proper 
estimation of diversity, and can 
help point to cost effective 
system strategies.

Presenter Notes
Presentation Notes
A life cycle cost minimum is achieved where the heating system is eliminated.

Challenges in our climate:  We need a cooling system

Challenges for non-residential:  Internal loads are a large drive in system sizing

However, the philosophy is the same.  We work to optimize life cycle cost by aggressively driving down the cost of the mechanical system to help balance the cost of a high performance building envelope.



De fine  Load s
De ta ile d  Eq uip me nt Load s

Presenter Notes
Presentation Notes
A life cycle cost minimum is achieved where the heating system is eliminated.

Challenges in our climate:  We need a cooling system

Challenges for non-residential:  Internal loads are a large drive in system sizing

However, the philosophy is the same.  We work to optimize life cycle cost by aggressively driving down the cost of the mechanical system to help balance the cost of a high performance building envelope.



De fine  Load s
De ta ile d  Eq uip me nt Load s

Rated Standby 1 2 3
Refrigerator 295 watts/hr 1008 0.25 0.25 0.25
Dishwasher 32 watts/hr 1302 0 0 0
Electric Oven 55 watts/hr 8189 0 0 0
Range - Induction 112 watts/hr 9167 0 0 0
Microwave 67 watts/hr 10900 0 0 0
Toaster 33 watts/hr 18080 0 0 0
Coffee Maker 4 watts/hr 3413 0 0 0 0
Range Hood Fan 4 watts/hr 341 0 0 0 0
Computer 15 watts/hr 222 15 0 0 0
Printer 4 watts/hr 61 14 0 0 0

Monitor 5 watts/hr 92 3 0 0 0
Modem\Router\DVR 40 watts/hr 0 136 1 1 1

TV 8 watts/hr 92 10 0 0 0
Max Load 2.90 w/sqft 12 12 12

Max Load 2.03 kW 0.6% 0.6% 0.6%

Load Consumption
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De fine  Load s
De ta ile d  Eq uip me nt Load s

Peak Design Loads at 
Dinner Hour
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Presenter Notes
Presentation Notes
A life cycle cost minimum is achieved where the heating system is eliminated.

Challenges in our climate:  We need a cooling system

Challenges for non-residential:  Internal loads are a large drive in system sizing

However, the philosophy is the same.  We work to optimize life cycle cost by aggressively driving down the cost of the mechanical system to help balance the cost of a high performance building envelope.



MF Load Calculation Example

N

• 2 BR Apartment in Massachusetts – 937 Sq.Ft.
• Low Income – Family Housing
• SW/SE Exposure



Baseline Building Loads
COOLING

Load (BTU/hr)
Baseline Unit Sensible Latent

Lighting 0.6 W/sqft  1,919  -  
Appliances (Manual J)  1,200  240 
People 3  735  465 
Ventilation 45 cfm  713  576 
Infiltration 86 cfm  1,358  1,097 
Solar Gain  7,719 
Conduction Gain  1,729 
TOTAL COOLING  15,373  2,378 

HEATING
Load (BTU/hr)

Baseline Unit Sensible Latent
Lighting 0.6 W/sqft
Appliances (Manual J)
People 3
Ventilation 45 cfm 3,262 
Infiltration 86 cfm 6,231 
Solar Gain
Conduction Gain 9,874 
TOTAL HEATING 19,367  -  

Looks like a 2 ton indoor unit! - 
Driven by heating loads.



Phius Building Loads
COOLING

Load (BTU/hr)
Phius Unit Sensible Latent

Lighting 0.38 W/sqft  1,215  -  
Appliances (Manual J)  1,200  240 
People 3  735  465 
Ventilation 45 cfm
Infiltration 18 cfm      282     228 
Solar Gain  5,428 
Conduction Gain  1,057 
TOTAL COOLING    9,917    933 

HEATING
Load 
(BTU/hr)

Phius Unit Sensible Latent
Lighting 0.38 W/sqft
Appliances (Manual J)
People 3
Ventilation 45 cfm
Infiltration 18 cfm 1,246 
Solar Gain
Conduction Gain 5,517 
TOTAL HEATING 6,763  -  

1 ton indoor unit? - Cooling 
design capacity is 2x heating load.

Can we get to 9,000 BTU/hr?

Presenter Notes
Presentation Notes
Discuss internal loads in heating. We have reduced the internal equipment capacity by 2.67 times. What does that do to the outdoor equipment capacity?



Load Calculations



Electrification – Space Heat / Cool

Air-to-Air Air-to-
Water

Water-to-
Air

Water-to-
Water

Presenter Notes
Presentation Notes
Once we reduce the heating and cooling loads by applying insulation and air sealing, we can provide the heat and cooling we need with heat pumps! They come in many shapes, sizes and flavors. We can use air-to-air heat pumps that extract heat from the outside air and apply it directly to the building air, air-to-water heat pumps that provide hydronic hot or cold water to condition the space, water-to-air heat pumps that use a neutral temperature water loop to distribute energy to local heat pumps that condition the air in a space, and water-to-water heat pumps that take energy from a water source (like geothermal), and provide hot water or chilled water for hydronic distribution. The heat pumps available are changing rapidly, providing new product to the marketplace, and newer, less carbon intensive refrigerants.



Electrification - DHW

Presenter Notes
Presentation Notes
In order to electrify the domestic hot water heating in these buildings, we will likely also be applying heat pumps. There is a new crop of high efficiency heat pumps that use carbon dioxide as the refrigerant that work very well to provide very hot water even at very low outdoor air temperatures. These products are relatively new to the marketplace, and some of them command a significant cost premium at this point. We look forward to equipment costs coming down as the market for these products matures. 



WS HP

ERV

Air to water 
HP and fluid 
cooler

Exhaust

Fresh Air

Indoor Pod

Hydronic piping run 
behind cladding DHW generated 

from rooftop 
equipment and 
distributed 
through existing 
piping if in good 
condition [Heat 
Recovery]

Mechanical Pod Development





DISCUSSION/ 
QUESTIONS  



DHW De e p  Dive - Jame s lead , Gale n 
make  ad d itions at e nd  



DHW is a tough nut 
to crack- here's what 
we know.



Cost of Energy
Electricity:

•Total cost in January: $5,060.29 
•Total kWh use: 22200 kWh

Gas:
•Total cost in January: $5,542.46
•Total therm use: 3996 therms

•$1.39/therm

Electricity is 5.6 x more expensive than gas

$0.28/kWh

$0.05/kWh

Electric and Gas Cost for the Month of January 2024, Multi Family Building, New Bedford, MA



Individual Heaters vs Central Water Plant

Unit 6 Unit 5

Unit 4 Unit 3

Unit 2 Unit 1

Individual Water Heaters

Central Plant

Unit 6 Unit 5

Unit 4 Unit 3

Unit 2 Unit 1



Individual Heaters
Issues with local water heaters

• Heat pumps in series
• Cold draft
• Better suited for commercial kitchens

Hybrid heat pump issues 

• Take up space

There is no individual DHW solution that has a low operating cost.



Central Plant
𝐶𝐶𝑂𝑂2 based

High upfront and operating cost 
compared to central gas plant

Chance for COP 2-3

High temperature 

Low recovery/high storage

New to market

Electric ASHP Domestic Hot Water Central System



Heat Capacity Water vs Air

Heat capacity is the measure of energy required to raise a quantity of a 
substance by one temperature degree. Heat capacities for water and air:

                   Water:                                        Air:BTU
lb • F

1 BTU
lb • F

0.24

The energy required to heat water is 4 x that of air! Therfore with a 
hybrid heat pump we need to move a lot of air.

Presenter Notes
Presentation Notes
Discuss here that because water’s heat capacity is much greater, it takes longer for water to gain and lose heat than it does for air. 



Heat Capacity Comparison 
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Water has the 
highest heat 
capacity of 
any common 
substance!

Presenter Notes
Presentation Notes
Speaker: James



Seasonal Water 
Temperature – 
MWRA
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Seasonal Water 
Temperature – 
Mass Save 
Guidelines
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Municipal Water Supply Temperatures in Southern New England
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Mass Save Hourly Simulation Guidelines: Version 2.4, January 2022

∆T = 80℉ ∆T = 55℉



Hybrid Heat Pump 
Water Heaters = 
Cold Drafts



(Gallons) x (Temperature Difference) x (Specific Heat) x (Pounds/Gallon) = Energy

(20 gals) x (125℉ - 70 ℉ ∆T) x (1              ) x (8.33       ) = 9, 163 BTUsBTU
lb • F

lb
gal

Summer Condition - What amount of energy is 
required to heat 20 gallons from 70℉ to 125℉?

Presenter Notes
Presentation Notes
Looked at Brushwood loads: average Btus for a 1 bed apartment is 4,745 Btus (ASHPs). Looked at GT2 average Btus for 1 Bed is 11,523 for heating (WSHPs). Looked at 85 Tremont, average Btus for 1 bed is 13,029 (WSHPs). Looked at Blue Hill Ave – average Btus for 1 bed is 4,745 Btus (ASHP).



Total energy to heat the water: 9,163 BTUs

Summer Condition - What amount of energy is 
extracted from the apartment.

Portion of energy from electricity = (1/3) x 9,163 = 3,054 BTUs 

Portion of energy from apartment = (2/3) x 9,163 = 6,109 BTUs 

Assumes a COP of 3 water heater efficiency

Presenter Notes
Presentation Notes
Looked at Brushwood loads: average Btus for a 1 bed apartment is 4,745 Btus (ASHPs). Looked at GT2 average Btus for 1 Bed is 11,523 for heating (WSHPs). Looked at 85 Tremont, average Btus for 1 bed is 13,029 (WSHPs). Looked at Blue Hill Ave – average Btus for 1 bed is 4,745 Btus (ASHP).



(200        ) x (70 ℉ - 55 ℉) x (0.24           ) x (0.075        ) BTU
lb • F

lb
ft³

9,163 BTUs
ft³

min

=  170 minutes
Almost 3 hours!

[(Volume/Time) x (Temperature Difference) x (Specific Heat) x 
(Density)] 

Energy
=   Time

Summer Condition - What is the HPWH run time 
when we heat 20 gallons from 70℉ to 125 ℉?
Assumptions:

1. 70 degrees F entering air temperature (EAT)
2. 55 degrees F leaving air temperature (LAT)
3. 9,163 BTUs moved from air to water
4. 200 CFM water heater fan volume

Conclusion: A significant cold draft of 200 CFM and 55℉ is discharged into the apartment
for 170 minutes. An uncontrolled source of cold air is likely to cause occupant comfort issues.

Presenter Notes
Presentation Notes
Speaker: James



Cooling Load Study 
One bedroom, 700 SF, apartment with an Eastern exposure 
Peak cooling load with Boston design conditions:    7,000 
Btu/hr
Amount of cooling contributed by the water heater:  6,100 
Btu/hr

EAST

6,100 𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟
7,000 𝐵𝐵𝐵𝐵𝐵𝐵/ℎ𝑟𝑟

= 87%

DHW cold draft is almost equal to summer time peak AC load!
 

Heat pump water heater will overcool even in the summer. 



Winter Condition - Temperature Difference Water vs Air

The temperature difference for water is significantly greater than air

             Water: 45℉ → 125℉                  Air: 70℉ → 55℉ 

We are increasing water tempertures 
more than 5x more than we are 
decreasing the air temperature. 

5-1/3 in this case.



(200        ) x (246 mins1) x (0.075        ) = 3,690 lbs of air
lb

ft³
ft³

min

Winter Condition - Quantity of Water vs Air 

(20 gals2) x (8.33       ) = 167 lbs of water 
lb

gal

Due to the 4x difference in heat capacity plus the 
5.3x difference in temperature difference we need to 
move a lot of air to extract the heat needed for hot 
water production. And it’s going to be cold (55℉). 

1: In the winter condition the temperature rise is from 45℉ to 125 ℉
2: 20 gallons of 125 ℉ water equates to approximately 30 gallons of hot water out of the faucet  

BTW 200 CFM is 2.1 
air changes/hr for a 
700 SF apartment.

Also, we are moving 
49,200 cubic feet of 
cold air. 

Presenter Notes
Presentation Notes
Speaker: James



Heat Pumps in 
Series



Two Heat Pumps in Series

COP is the ratio of useful heating provided to the energy required.
For a 𝐶𝐶𝐶𝐶𝐶𝐶1 of 3, the ASHP uses 1 unit of energy that is electricity powering the compressor to move 2 units of heat 

from the outdoors. This results in 3 units of heat delivered to the corridor. 
For a HPWH with a 𝐶𝐶𝐶𝐶𝐶𝐶2 of 3, all 3 units of the heat moved by the ASHP are utilized by the HPWH. 
The HPWH uses 1.5 units of energy that is electricity powering the compressor to move the 3 units of heat from 

the corridor. This results in 4.5 units of heat delivered to hot water. 
The total COP for this system would be the heat output 4.5 divided by the energy input, 2.5, which equals 1.8.

𝐶𝐶𝐶𝐶𝐶𝐶1 = 3 𝐶𝐶𝐶𝐶𝐶𝐶2 = 3

ASHP HPWH
1

1

1

1

1.5

1
1
1

1
1
1

1
1
1
0.5



𝑂𝑂𝑥𝑥 = 𝐸𝐸𝑥𝑥 + 𝐼𝐼𝑥𝑥                                                                                              (1)
Where, O = heat output of system, E = electricity used in the process, I = energy extracted from an outside medium. 

𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥 = 𝑂𝑂𝑥𝑥
𝐸𝐸𝑥𝑥

                                                                                                (2)

The entire output by heat pump 1 is used as input by heat pump 2, therefore:

𝑂𝑂1 = 𝐼𝐼2 (3) 

  The total COP of the system is defined as the heat output of the last heat pump in the series divided by the total electricity used by the system to achieve 
that output. 

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑂𝑂3
𝐸𝐸1+𝐸𝐸2

 (4)

Replace the numerator of Equation 4 by rearranging Equation 2.

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶2𝐸𝐸2
𝐸𝐸1+𝐸𝐸2

 (5)

Replace the first term in the denominator by rearranging Equation 2. 

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶2𝐸𝐸2
𝑂𝑂1

𝐶𝐶𝐶𝐶𝐶𝐶1
+𝐸𝐸2

 (6)

Replace 𝑂𝑂1 with Equation 3.

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶2𝐸𝐸2
𝐼𝐼2

𝐶𝐶𝐶𝐶𝐶𝐶1
+𝐸𝐸2

 (7)

Heat Pumps in Series Math Steps

Mathematical Derivation Courtesy of Hans Moritz Gunther and Lauren Gunther  



In order to put the I term in terms of COP and E, insert Equation 1 into Equation 2 and rearrange to solve for I:

𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥 = 𝐸𝐸𝑥𝑥+𝐼𝐼𝑥𝑥
𝐸𝐸𝑥𝑥

= 1 + 𝐼𝐼𝑥𝑥
𝐸𝐸𝑥𝑥

                                                                                    (8)

𝐼𝐼𝑥𝑥 = 𝐸𝐸𝑥𝑥(𝐶𝐶𝐶𝐶𝐶𝐶𝑥𝑥 − 1)                                                                                     (9)

Insert Equation 8 in for the I terms in Equation 6.

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶2𝐸𝐸2
𝐸𝐸2(𝐶𝐶𝐶𝐶𝐶𝐶2−1)

𝐶𝐶𝐶𝐶𝐶𝐶1
+𝐸𝐸2

 (10)

Cancel out 𝐸𝐸2 from the equation

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶2
(𝐶𝐶𝐶𝐶𝐶𝐶2−1)
𝐶𝐶𝐶𝐶𝐶𝐶1

+1
 (11)

Multiply the numerator and denominator by 𝐶𝐶𝐶𝐶𝐶𝐶1 

𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐶𝐶𝐶𝐶𝐶𝐶1𝐶𝐶𝐶𝐶𝐶𝐶2
𝐶𝐶𝐶𝐶𝐶𝐶1+𝐶𝐶𝐶𝐶𝐶𝐶2−1

                                                                            (12)

Mathematical Derivation Courtesy of Hans Moritz Gunther and Lauren Gunther  



Plug and Chug

𝐶𝐶𝐶𝐶𝐶𝐶1𝐶𝐶𝐶𝐶𝐶𝐶2
𝐶𝐶𝐶𝐶𝐶𝐶1+𝐶𝐶𝐶𝐶𝐶𝐶2−1

 = 3∗3
3+3−1

 = 1.8

𝐶𝐶𝐶𝐶𝐶𝐶1 = 3 𝐶𝐶𝐶𝐶𝐶𝐶2 = 3

ASHP HPWH
1

1

1

1

1.5

1
1
1

1
1
1

1
1
1
0.5

Looking at the original example, with a total COP of 1.8, we see 
the same output with this equation.



Graphical Representation
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Number of Heat Pumps vs COP
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How about some 
solutions? 
How can we reduce 
electricity use in hot 
water heating? 



Drain Water Heat 
Recovery



Drain Water Heat Recovery (DWHR): Definition

DWHR works by
using the outgoing
warm drain water

to pre-heat the incoming
cold fresh water

Drain Water Heat Recovery 
(DWHR) Definition

Drain Water Heat Recovery Technologies Research Slides, Gerald Van Decker, Renewability Energy Inc.  



Potable vs Drain Temperatures

Drain water heat recovery: Why you should care, and how much energy it can save, Peter Grant, Berkeley Lab, 2017

∆T = 25℉

107

∆T = 57℉
∆𝑇𝑇 25℉
∆𝑇𝑇 57℉

= 44% Reduction
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Drain water recovery 
reduces the temperature we 
need to raise the water by 
44%!



6 Story Midrise 
Stacked 
Bathrooms

Fresh water from DWHR 
to cold water supply at 
fixtures. 
• Shower water is 

approximately 60% of 
hot water use in an 
apartment

• Heat required for 
shower water is reduced 
by approximately 50%

• Overall heat required for 
DHW is reduced by 
30%

DWHR 
located at 
bottom of 6 
story stack

4 in. diameter, 72 in. long, 1 in. pipe connection
Cost to contractor for DWHR qty-1: $819

For 100 unit multi-family likely need qty 8-10
Passive technology, zero electricity input, COP ∞!

Drain Water Heat Recovery Technologies Research Slides, Gerald Van Decker, Renewability Energy Inc.  



DWHR 
Configuration 
When Water 
Heater is in 
Apartment

Power Pipe Flow Diagram 
Drain Water Heat Recovery Technologies Research Slides, Gerald Van Decker, Renewability Energy Inc.  



Distribution of Energy Use in PH Multi-Family

30% of DHW energy is 
eliminated by drain 
water recovery!

DWHR reduces size of 
ASHP DHW central 
plant and therefore 
saves first cost too!

428,612 

199,672.80 

196,421 

278,348 

568,682 

84,773 
30,434 

848,801 

Energy Use 
kwh/yr

 Plug  Laundry  Cooking  Lights  Ventilation  Heating  Cooling  DHW



Solar Thermal



Solar Radiation in Boston
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Solar Radiation

PVWatts Calculator – National Renewable Energy Laboratory



Solar Thermal Preheating

Daniel Khait, Jody Samuell, Kevin Flynn- Viessmann, T*SOL Software

Assumptions:
• 100 unit building
• 1.5 people per unit
• 13 gallons/day/person

Outputs:
• Qty-21 panels
• Solar panel area: 570 SF
• DHW solar fraction: 47%
• Qty-1 variable speed pump, 

125 Watts max power
• Cost: $140,000



Results of Simulation

𝐶𝐶𝐶𝐶𝐶𝐶

=
143,000 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 41,000 𝑘𝑘𝑘𝑘ℎ 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

181 𝑘𝑘𝑘𝑘ℎ 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

COP = 227

Assuming 0.125 kw pump, 
average 50% Watt draw, on 1/3 
of the time annually 



Distribution of Energy Use in PH Multi-Family

Electricity for annual 
DHW is reduced by 
50%!

Central plant size is 
not reduced because 
some days we get zilch 
from the sun.

428,612 

199,672.80 

196,421 

278,348 

568,682 

84,773 
30,434 

848,801 

Energy Use 
kwh/yr

 Plug  Laundry  Cooking  Lights  Ventilation  Heating  Cooling  DHW



Downsizing Potable 
Water Piping



Case Study | Old 
Colony Phase 6
South Boston, MA

•5 story multi family 
building 
•116,000 GSF
•94 dwelling units 

Boston Planning & Development Agency



248 CMR 10.00 (12/23 edition) Sizing vs IAPMO Water Demand Calculator Sizing

Pipe Size 
Distribution – 248 
CMR 10.00 vs 
IAPMO Water 
Demand Calculator



47% weight 
reduction in CPVC 
piping – pounds 
saved: 876 lbs

72% weight 
reduction in Copper 
piping – pounds 
saved: 366 lbs

Pipe densities from: Charlotte Pipe and Foundry Company 

Potable Water Distribution Downsizing
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248 CMR 10.00 vs IAPMO 
Cold DHW CPVC and Copper Total Pipe Weights 

CPVC Copper



1GWP (A1-A3) Data Sources: One Click LCA (Copper) & Manufacturer EPRs (CPVC)

Potable Water Distribution Downsizing

Reduction Copper CPVC Total

kgCO2e 809 2,052 2,861

% 72% 44% 50%

GWP1 Reduction Using IAPMO 



DISCUSSION/ 
QUESTIONS  



Multifamily MEP
Early Consid e rations

Layouts

HVAC 

• Load s/Mod e ling

• Syste ms 

o Sp ace -cond itioning

o Ve ntilation

• Ductwork

DHW

• Load s/Mod e ling

• Syste ms 

• Distrib ution

Q ue stions to  Leave  With



What is multi-family?

Handel Architects

Building Size

Presenter Notes
Presentation Notes
- Single Family vs. Multi-Family
	- Europe vs. US
	- Passive Building vs. typical MF construction




What is multi-family?

Apartment Size

3BR

STUDIO

YOTEL

Presenter Notes
Presentation Notes
- Single Family vs. Multi-Family
	- Europe vs. US
	- Passive Building vs. typical MF construction




What is multi-family?

Population

Presenter Notes
Presentation Notes
- Single Family vs. Multi-Family
	- Europe vs. US
	- Passive Building vs. typical MF construction




Space Heating Space Heating

Water Heating Water Heating

Air Conditioning Air ConditioningRefrigerator
Refrigerator
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Multifamily vs. Senior Care
2012 Commercial Building Energy Consumption Survey (CBECS)

Other:
- Lighting            - 
Cooking            - 
Appliances
- Plug Loads

Presenter Notes
Presentation Notes
Additionally, some populations



Madrone Passive House

Presenter Notes
Presentation Notes
The Madrone Passive House is a project that has recently finished up on 24th avenue in Seattle. It houses 107 apartments, most of which are small efficiency dwelling units, or SEDU units.



1 BR Apartment Size: 385 
sqft

Code Exhaust Rate: 45 cfm
Heating Load: 1 BR – 1,000 - 
1,500 BTU/hr
 Ventilation Air Heat Rate 
(@95 F): 1,350 BTU/hr + 1 
person = 1,550 BTU/hr
 

Heating

Presenter Notes
Presentation Notes
While the building has small SEDU units and about 20 one bedroom apartments, we’ll look at the one bedroom units as a worst case.  

The largest one bedroom units are 285 square feet. Running loads on the building we find the one bedrooms to range from approximately 1,000 to 1,500 BTU/hr in heating load. 

These heating loads assume there is no activity in the apartments; we are not taking credit for heat from occupants, lights, or other equipment. This is to make sure we are looking at a worst-case scenario.  

By code, the apartment only requires 30 cfm of ventilation air. But because we are continuously exhausting the kitchen and bathroom, we require 45 cfm of continuous exhaust. 

To balance the exhaust, we are providing 45 cfm of ventilation air to the apartment. 

If we heat the ventilation air to 95 degrees F, this provides 1,350 BTU/hr of heat to the space. Taking credit for one occupant, we have met the peak heating load from the ventilation air. 

However, in order to make sure everyone has a thermostat in the building, we chose to provide electric heaters in each apartment. This allows occupants to control their own temperature at the apartment level. 

Small electric cove heater were installed, at a very modest cost. 

So on the heating side of things for this building we are able to provide all necessary heat through the ventilation air, but are giving the tenants small electric heaters so they can control their temperature. 

So far so good!



ERV POST 
CONDITIONING 
COIL

Presenter Notes
Presentation Notes
This image shows the ERV on the roof.

A small heat pump post conditions the ventilation air to cool it to 55 degrees F when conditions are hot outside. 

This provides 1,000 BTU/hr of cooling to each apartment, which meets the cooling load under most conditions.



If 35% of windows open
according to these rules:
If inside temp > 72 F and

Outside temp < inside temp 

Roof: R-45
Walls: R-32
Windows: U-0.23, SHGC 0.23
Slab: uninsulated
Operable portion of window: 35%

Cooling

Presenter Notes
Presentation Notes
We analyzed the potential for over-heating in the building to evaluate the need for additional cooling in the apartments. 

Based on the exposure and shading, most of the apartments remain comfortable for most of the year. 

However, because of the windows and exposure of some of the units, the owner decided to add air conditioning to some of the apartments.



COOLING THROUGH VENTILATION AIR: 
1.08 X 45 CFM X 20 F = ~1,000 BTU/HR

Presenter Notes
Presentation Notes
In this case, small, ductless split heat pumps were added to 12 of the apartments that were vulnerable to over-heating from solar gain. 

For the rest of the apartments, cooling is supplied through the ventilation air. 



US

147

EnergyVanguard.com

Presenter Notes
Presentation Notes
So, that’s how it can work in Seattle, but what about the rest of the country?

 Climate conditions vary widely across the US and Canada. Can we apply the same logic to the varied conditions across the US? 

Generally, Passive House allows us the potential to eliminate a system in cold climates, or climates with a strong diurnal swing in the summertime. 

Additionally, evaporative cooling can be applied where the summer is dry. But what can we do in warmer, humid climates?



Presenter Notes
Presentation Notes
Additional complexity has recently been added to the use of split system or VRF systems due to the new refrigerant change from r410a to r32 and r454b, which is going into effect in 2025. 

Because the new refrigerants are flammable, there are strict requirements related to running refrigerant piping through a building. 

The detail shown above shows a shaft that is needed to run refrigerant piping vertically through a building. The shafts need to have exhaust fans, and refrigerant sensors. 

It’s easy to see that these shafts will be costly, and will represent new challenges for passive house buildings to meet air sealing requirements.



Self Contained

Indoor unit

Outdoor unit

System integration and CO2 control

ERV

Dehumidifier

1. No outdoor units!
2. One piece of EQ replaces HP, 

ERV & Dehumidifier (maybe)
3. Low level of refrigerant
4. Integrated humidity control
5. Low installed cost
6. May need supplemental 

heating depending on loads 
and climate – electrical or 
additional heat pump

7. No Passive ERV core reduces 
energy performance

Presenter Notes
Presentation Notes
A new approach which is gaining popularity is to use an “all-in-one style piece of HVAC equipment.

There are several pieces of equipment on the market that combine heating, cooling, ventilation, and dehumidification in one device

The hope is that these units drive down system cost and reduce on-site labor by reducing ductwork and equipment installation labor. 

Additionally, they address the refrigerant issues, as all of the refrigerant is contained withing one device, and there is no site installed refrigerant piping running through the building. 

There are several manufacturers bringing these products to the US and Canada. Some that are currently available are Minotair and EPHOCA. 

The Minotair unit is a compressor based device that does heating, cooling, ventilation and dehumidification.

EPHOCA has a vertical all-in-one heat pump that heats, cools, and ventilates through an integrated energy recovery ventilator.

These systems offer some unique advantages in multi-family construction

They combine all of these functions into one device, potentially saving install and maintenance costs

Both of these pieces of equipment are self contained, so no outdoor equipment is necessary, which can free up roof space for occupancy or solar panels.

Condenser air is ducted from the outside and exhausted back out.



Multi-family Retrofit



Colonial II 
A Net-Zero Energy Retrofit

Presenter Notes
Presentation Notes
Now I am going to talk about Colonial II, and exciting deep energy retrofit that was done by Beacon Communities as an “occupied retrofit”. Rida Architects were the designers, Bette and Cring were the contractors, and New Ecology, L&S Energy, and NGBC worked on the project.



Colonial II

Pre- Retrofit EUI: 117 kBTU/sqft!

Window 
Box A/C

Masonry Construction: 
No Wall Insulation

Presenter Notes
Presentation Notes
Built in the 1970s, Colonial II is an 8 story masonry building. It is a great example of a 70s ERA multi-family building, with no insulation in the exterior walls, and a very small amount on insulation on the roof. The project was a complete retrofit of the apartments, re-arranging walls to go from 99 to 74 apartments. The exterior was clad with insulation, windows were replaced, air sealing was done, and new, electrified mechanical and plumbing systems were applied. The pre-retrofit utility bills showed an average annual EUI of 117 kBTU/sqft.




Colonial II

Ancient Gas Boilers:
2 x 2.6 MMBTU/hr

Gas HW Heaters:
2 x 300kBTU/hr

Presenter Notes
Presentation Notes
The building was heated by two, 2.6 Million BTU/hr boilers, and hot water was heated by two 300,000 BTU/hr gas fired hot water heaters.



Colonial II

New Air 
Barrier

New 
Exterior 
Insulation

New 
Windows

Presenter Notes
Presentation Notes
A new air barrier was applied to the building, and new exterior and interior insulation installed. Cracks were sealed with foam at the exterior. 



WATER-SOURCE 
HEAT PUMP

ERV

Colonial II

All-In One 
Heat Pump

Simple 
Ductwork

Interior Retrofit 99 to 74 
Apartments

~1,000,000 BTU/HR 
OF HEAT PUMP 
INSTALLED

Presenter Notes
Presentation Notes
The chosen HVAC system was based on “all-in-one” vertical ground source heat pumps. Geothermal heat pumps were used because of the cold climate in Rome NY (climate zone 6), with outdoor extremes down to -27 F. The selected heat pumps have integrated ERVs, and were configured in a simple stacked configuration that allows easy distribution of loop water and heat pump power. The only ductwork required was the bathroom exhaust (back to the unit), the kitchen exhaust duct, and the OSA intake and exhaust ductwork from the heat pump’s ERV. The installed total heat pump capacity camp to just under 1 million BTU/hr, which is about 20% of the originally installed boiler capacity.



INTEGRATED HEAT 
PUMP WITH ERV

~0.9 W/SQFT

ASE 85%

TRE 67%

Colonial II



Exhaust

Fresh Air
BR Exhaust

Ground Source 
Heat Pump

Electrical Riser 
Powers Heat Pumps

Ground Loop 
Vertical Wells

Colonial II

Presenter Notes
Presentation Notes
The ground source heat pumps were installed in a vertical stack. 

Piping was run directly up vertically through the mechanical closets. Because the existing electrical risers and load centers for the apartments were re-used, they were not able to support the new heat pumps. So the heat pumps were powered by new electrical risers that ran vertically up through the mechanical closet stack.



Colonial II

All-in One WS 
Heat Pump

Geothermal 
Manifold



Colonial II

Vertical Geothermal 
Well Field

Solar Field Above 
Well Field



Colonial II

• New electrical service – 3000 A / 208 V / 3 Phase
• Old electrical service - 1400 A / 208 V / 3 Phase

Required New Fire 
Pump, and Solar Field 

Required Electrical 
Service Upgrade



Colonial II

HW consumption of 
building population 
measured prior to retrofit
Pre-retrofit condition: 

• 99 Apartments
• Low flow fixtures

Measured HW Consumption: Courtesy of Klein and 
Skinner



Colonial II
4 x 15k BTU/hr

CO2 Heat Pumps

360 GALLONS OF 
STORAGE

HEAT PUMP HW 
HEATER – SWING 

TANKS

H
W 
OU
T

RE-
CIR
C

CW 
IN

ELECTRIC BACK-
UP HEAT

HEAT PUMP 
CAPACITY ~12% OF 

ORIGINAL GAS 
CAPACITY!



Colonial II
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Pre-Retrofit and Modeled Energy Performance



Ducted Range Hoods



Kitchen Pollutants

Reproduced with permission from Environmental Health 
Perspectives

• Carbon Monoxide
• Nitrogen Oxides
• Particulates
• VOCs



Code Requirements

Most Mechanical Codes:
• 100 CFM intermittent or 25 

cfm continuous
ASHRAE 62.2-2013
• 100 CFM intermittent 

(Vented Range Hood)

Recirculating Range Hood

25 
CFM



Vented Range Hoods in Passive House MF?

• Building MUA must keep building 
pressurization below 5 Pa assuming 12% 
of hoods are operational.

• Recommend tight fitting backdraft 
damper or automatic damper in duct for 
pressure control

Recirculating Range Hood

100+ 
CFM

BDD

AUTOMATIC DAMPER



DISCUSSION/ 
QUESTIONS  



Office Retrofit Case Study



4528 Fre re t Stre e t 



CRITICAL UPGRADES

RO O F
WATER 
MANAGEMENT 
DETAILING

HVAC
WINDO WS

4528 Fre re t St Build ing  Evaluation4/17/2023

SITE 
DRAINAGE



Roof Re place m e nt  is  the  # 1 P riority

4528 Fre re t St Build ing  Evaluation

LaGrang e  Rep ort: p g  21, Imag e  11163
West wall/roof inte rface .
Air leakag e  from exte rior to  inte rior while  b uild ing  is 
d ep re ssurized  for infiltration te sting .

BSC Rep ort: p g  37, Fig ure  111
Roof 2nd floor east.
Extreme  heat transfe r d ue  to  ve ry p oor the rmal 
p e rformance .  This re sults from solar g ain of roof.  
O utsid e  temp erature  at the  time  of read ing  was 
65F.

The rm al Fa ilu reAir Le akage  Failu reBulk Wate r Fa ilu re

KL site  imag es
Stand ing  wate r on roof at east p arap e t wall may b e  
re lated  to  areas of hig h moisture  content and  may b e  
re lated  to  we t b atts noted  in BSC Rep ort: p g  18, 
Fig ure  40



4528 Fre re t Stre e t



4528 Fre re t Stre e t – Load s - IECC2021



4528 Fre re t Stre e t – Load s – Phius Re vive



4528 Fre re t Stre e t – Load s - Comp are d



SYSTEM OPTIONS

GEO       GEO + AS DOAs             4-PIPE              VRF



GEOTHERMAL SYSTEM SCHEMATIC



GEOTHERMAL SYSTEM w/ AIR SOURCE DOAs



All Geothermal System
20 Wells (300’ deep)

Geothermal plus air source 
DOAs
15 wells (300’ deep)

GEOTHERMAL WELLS



HYDRONIC SYSTEM w/ AIR SOURCE DOAs



VRF SYSTEM w/ AIR SOURCE DOAs



SYSTEM COMPARISON



NET ZERO

~100 kW Rooftop solar array required!



DISCUSSION/ 
QUESTIONS  



School Case Study











Architectural Floor Plan



Classrooms with Three Exposures



Roof Assembly



Wall Assembly



Mechanical Systems

Outdoor Unit 1
• Spaces Unit Serves: 3 Classrooms & 
Corridor (2237 sf)
• Heating Capacity: 48,000 Btu/h

•21.5 Btu/h / sf
• Cooling Capacity: 42,000 Btu/h

•640 sf/ton

Outdoor Unit 2
• Spaces Unit Serves: Multi-Purpose 
Room, Hallway & 2 Bathrooms (3133 
sf)
• Heating Capacity: 80,000 Btu/h

•25.5 Btu/h / sf
• Cooling Capacity: 72,000 Btu/h

•522 sf/ton

Project Cost: $2 Million - $329/sf



DISCUSSION/ 
QUESTIONS  



Multifamily Case Studies



Simple Systems – Emerald Hills

Location Size Population Envelope HVAC Ventilation HW System

Pittsburgh 55 
Apartments

Senior 
Housing

Walls: R37
Roof: R53

Windows: 3-
pane

Ducted - 
Split Heat 

Pumps

Semi-Central 
ERVs Condensing Gas



1. One-one heat pumps (cold climate)
2. Neighborhood ERVs
3. Gas – Central HW Heaters



Emerald Hills

Energy Performance



Emerald Hills - DHW

Domestic HW generated by condensing gas 
HW heaters. Three 199,000 BTU/hr sealed 
combustion heaters.



Ed g e wood

Location Size Population Envelope HVAC Ventilation HW System

Pittsburgh 55 Apartments Senior Housing

Walls: R37
Roof: R53

Windows: 2-
pane

EPHOCA 
All-In-One 

units

EPHOCA All-In-
One units CO2 Heat Pumps

Presenter Notes
Presentation Notes
The Edgewood Town Center project finished construction recently in Pittsburgh, PA using the EPHOCA AIO all-in-one heat pump. 

This project was very similar to the Emerald Hills project. 

The intent was to reduce HVAC system costs by greatly reducing the need for on-site ductwork and installation labor. 

The unit heats, cools and has an integrated ERV that continuously exhausts the bathroom and kitchen, and provides continuous fresh air to the space. 



Edgewood

Presenter Notes
Presentation Notes
One issue we discovered with this first generation all-in-one unit was that the louver that the manufacturer recommends for the outside air intake and exhaust was significantly undersized. 

Using custom louvers forced us to separate the intake and exhaust, which added ductwork to the job. EPHOCA has addressed this issue with their 2nd generation unit that is coming out shortly.

The contractor felt that time and cost would be saved by having a pre-fabricated metal closet made off site for this unit. 

This didn’t work out as well as intended, so in the future we would likely recommend building a framed out closet for the unit, or mounting it into a thickened wall.



Edgewood





Old Colony | Boston • ~1,000,000 SF
• 830 Units
• 23 Buildings
• 10 Phases
• 4 Passive House 

Buildings

Phase 3C



Old Colony Phase 4 & 5



Old Colony | Boston, MA 



Glossary
• HRV: Heat Recovery Ventilator – recovers heat from the exhaust air leaving a building and transfers it to the
     incoming fresh outdoor air, without exchanging moisture.

• ERV: Energy Recovery Ventilator – recovers energy from the exhaust air of a building and uses it to 
condition incoming fresh outdoor air.

• DOAS: Dedicated Outside Air System – supplies fresh outdoor air to a building’s interior independently of 
the heating and cooling system. This system delivers the necessary ventilation to maintain indoor air quality.

 
• CAR: Constant Airflow Regulator – used to maintain a consistent airflow rate in duct systems, regardless of 

changes in pressure.

• DX: Direct Expansion – refrigerant directly absorbs heat from the air or another medium as it expands or 
evaporates within the evaporator coil. 

• VRF: Variable Refrigerant Flow – provides efficient heating and cooling by varying the flow of refrigerant to 
multiple indoor units.

• ASHP: Air Source Heat Pump – transfers heat between the indoor and outdoor air.



2010 2011

Phase 2A, 
2B & 2C 2018-

2019

Phase 3A 
& 3B

2019

Phase 
3C - PH

• 2-pipe changeover

• Gas boiler

• AC chiller

• Vertical fan coils

Old Colony Project Timeline – Heating & Cooling

• Same as Phase 1

 

Phase 1
2020-
2021

Phase 4 
& 5 - PH

2022

Phase 
6 - PH

• Central gas 

• Hydronic heating 
with DX cooling 
– cooling bill is 
on tenant

• Central VRF 

• 55+ housing – 
funding differed 
from other 
phases

• Individual ASHP 
– heating and 
cooling bill is on 
tenant

• Central VRF



2010 2011

Phase 2A, 
2B & 2C 2018-

2019

Phase 3A 
& 3B

2019

Phase 
3C - PH

• Central 
penthouse 
DOAS

• Hydronic heating 
and cooling 
supply to living 
room only with 
CAR

• Ducted range 
hoods – DHCD 
required

Old Colony Project Timeline - Ventilation

Midrise: 
• Central rooftop 

DOAS ERV with 
packaged DX

• Gas heating

• Otherwise, same 
as Phase 1

Midrise Flats:
• Individual HRVs 

ducted to living 
room

 

Phase 1
2020-
2021

Phase 4 
& 5 - PH

2022

Phase 
6 - PH

• Same as Phase 
2A, 2B, & 2C

 

• Central rooftop 
DOAS ERV with 
packaged DX 

• Gas heating

• Ducted to living 
room and 
bedrooms with 
CAR

• Recric range 
hoods

• Central rooftop 
DOAS ERV with 
remote heat 
pump

• Otherwise, same 
as Phase 3C

 

• Same as Phase 4 
& 5

 



2010 2011

Phase 2A, 
2B & 2C 2018-

2019

Phase 3A 
& 3B

2019

Phase 
3C - PH

• Indirect storage 
tanks off space 
heating boiler 
plant

Old Colony Project Timeline – Domestic Hot Water

• Same as Phase 1
 

Phase 1
2020-
2021

Phase 4 
& 5 - PH

2022

Phase 
6 - PH

• Gas water heater 
with storage 
tanks

 

• Same as Phase 
3A & 3B

 

• Same as Phase 
3A & 3B

 

• Central ASHP 
water heaters

 



Old Colony Phase 6 – 
Case Study



1 Bedroom 
Typical 
Duct 
Layout 



CAR Damper Drama



American 
Aldes CAR3



CAR3 4” Diameter









ANSI/RESNET/ICC 380-2022



ANSI/RESNET/ICC 380-2022



Duct Tightness Requirements



Hot Water Use Data



Old Colony Phase 3 - Domestic Hot Water Use 

We had one data point of measured hot water from OCA at time of issuance of OC6 permit set which was 13 gal/person/day. 
Based on optimizing the equipment size availability for the air source heat pumps and storage tanks that are all provided as a 
packaged system from the vendor, we landed on DHW plant capable of 20 gal/person/day



Old Colony Phase 3A - Domestic Hot Water Use - GPD 



Old Colony Phase 3A - Domestic Hot Water Use - GPM 



Design Exercise and Discussion



Outdoor DHW Heat Pumps

C02 Refrigerant Heat Pumps
1. Operate down to very low ambient temperatures
2. Can generate very hot water (160-180 degrees F)
3. High COPs!
4. Low greenhouse gas content

Image Courtesy of Mitsubishi 

Image Courtesy of Sanden

Image Courtesy of Lync

Presenter Notes
Presentation Notes
Several manufacturers are now offering carbon dioxide refrigerant heat pumps that lend themselves well to central hot water heating plants. These heat pumps can heat water to high temperatures, even at very low outdoor ambient conditions, which can make electrification of HW systems feasible even in very cold climates.



Presenter Notes
Presentation Notes
One important quality of the carbon dioxide based heat pumps is that they really like to see cold water. The chart above, provided by Sanden, shows that the COP of the heat pumps drops dramatically as the entering water temperature increases. What this means is that CO2 based heat pumps are great for heating water from ambient temperatures, but are not so great for heating water coming back from a re-circulation system, which can be as warm as 80 or 90 degrees.



Central System Design

From: SanC02 Multi-Family 
Design Strategy

Presenter Notes
Presentation Notes
To address this issue, a design can be employed that uses a “swing tank”, that utilizes a different approach to heat the re-circulation water. This graphic from Sanden shows the swing tank, and thus the re-circulation energy, heated by electric resistance heaters. We typically employ a different type of heat pump hot water heater for the swing time, like an r134, or r410a based heat pump hot water heater.

Because CO2 based heat pumps are expensive, it is important not to over-size the central plant hot water heating equipment. Electric resistance heat can potentially be helpful as a “back-up” heat source to meet extreme use peaks, if the design ensures that it will not be used otherwise.



Me chanical Syste ms for Multifamily De e p  Ene rg y Re trofits 

Gale n Stae ng l, PE, LEED BD+C CHPC

• Re trofit re le vance

• The  p rob le m 

• Ele ctrification - re inve nting  fire ? 

• The  b ig  id ea  (so lution ap p roach)

• Syste m ap p roache s

• Case  Stud y (Colonia l II)

• Me chanical Pod  De ve lop me nt



U.S. Energy Information Administration

The Importance of Deep Energy Retrofits

Presenter Notes
Presentation Notes
The US has over 145 Million existing housing units. The replacement rate for residential housing is approximately 1% per year. It’s easy to see that if we are serious about reducing carbon emissions, we need to tackle existing buildings. A lot of money is going into development of deep energy retrofit approaches and technology to this end.




The  O p p ortunity

• Tota l Housing  Units in the  US: ~  

145,000,000

• Ne w Housing  Units: ~  1%/year

De e p  Ene rg y Re trofits a re  ke y to  

re d ucing  the  carb on inte nsity of 

the  housing  se ctor.

Presenter Notes
Presentation Notes
A great resource for understanding the existing building stock is the Building Stock Characterization Study published by NREL with help from LBNL and RMI. The data collected is available on-line, and is easily searchable.



Presenter Notes
Presentation Notes
Here are some of the data published by the study. These data sets are for Mixed-Humid and Cold climates. The data are sorted by climate zone, building age, and building type. They also report thermal energy use intensity (energy for heating, cooling, ventilation, and water heating). These data show that older residential buildings of all types have very high thermal energy use intensity, ranging from 60 to 80 kBTU/sqft or more. Most of this energy is in heating and water heating.



Presenter Notes
Presentation Notes
Hotter climates are not as energy intensive, but older buildings still range from 20-40 kBTU/sqft in thermal energy use. Energy use skews to cooling in the warmer climates, as we would expect.



Presenter Notes
Presentation Notes
The images above show some typical mid-rise multi-family buildings that were built in the 60s and 70s. Many of these have a concrete structure, and masonry walls with no insulation. As discussed above, these buildings have huge energy demand for space conditioning. They also typically have terrible comfort. Gas based heating systems blast heat into the apartments, but are unable to counter the radiant heat loss from the cold masonry walls, and the large amount of infiltration of cold air through the poorly sealed envelope.



Presenter Notes
Presentation Notes
These are some typical heating and domestic hot water heating systems you might see in these buildings. Very large, gas fired boilers. A significant number of these buildings have recently upgraded high efficiency gas boilers that were upgraded through rebate programs and ESCOs.



Challenges:
• Limitations on exterior 

insulation
• Electrical service 

capacity
• Equipment availability
• COST

Objectives:
• Dramatic Building Energy Savings 

(>50%) 
• Retrofit-in-place
• Electrification

Presenter Notes
Presentation Notes
So, objective number one is dramatic energy savings. We’ll say at least a 50% reduction in overall energy use, although, as I will discuss below, we should be able to get to 75% overall energy use reduction in colder climates. This will bring us withing shooting distance of getting to net zero, depending on the available solar exposure, real estate, and the height of the building. A second, critical objective is that our approach allow the occupants to stay in the building during the retrofit. This greatly reduces the cost of the retrofit by removing temporary housing costs, and allows these retrofits to proceed even when internal upfits are not planned. Electrification an additional objective for many of these projects, with the intent to eliminate fossil fuel use as the electrical grid decarbonizes, and to take advantage of heat pump COPs.

Challenges to the process include Limitations on the ability to apply exterior insulation. If we have to do it from the inside, it is generally messier. Sometimes building electrical capacity is inadequate. This is often the case in buildings that have natural gas ranges installed in apartments. The cost of upgrading electrical service can be a big impediment to energy retrofits and electrification.
The HVAC landscape to support these retrofits is still immature. Some product is coming on to the market, but we still don’t have the perfect tools available to us from reliable sources. Finally, the biggest challenge to these retrofits is cost. But cost will go down as we streamline approach, and new technology comes on to the market.



Electrification

• Benefits
– Carbon reduction 
– Safety
– IAQ
– Local Air Quality

• Barriers
– Heating loads
– Electrical 

Infrastructure
– Relative cost of Gas / 

Electricity
– Immature heat pump 

market in the US
– Outside design 

temperature?

Presenter Notes
Presentation Notes
Those are some of the system options that we have to work with in multi-family retrofits. There are additional potential challenges when it comes to electrification of these buildings. 

Heating loads: If heating loads are not reduced by additional insulation, it can be difficult to cost effectively meet building loads with heat pumps.
The electrical infrastructure may need to be upgraded to support the required heat pumps.
Based on the local cost for gas and electricity, electrifying the building can result in increased, or not greatly decreased utility costs.
Available heat pumps continue to evolve in capability and cost.
Very cold climates (Zone 8) can be challenging for air-source heat pumps.






Insulate the Envelope

Exteri Interi

Presenter Notes
Presentation Notes
Step one for most deep energy retrofits requires air sealing and the addition of insulation. In mixed and colder climates this is a requirement. In some warmer climates it may make sense to only air seal and apply insulation to the roof / attic space. There are pretty much two ways to approach this, either insulation on the outside, or insulate from the inside. Cladding the building from the outside can be less invasive. In my experience insulating the inside requires more construction hours that displace the occupant. It is also more difficult to insulate out the various thermal bridges when insulating from the inside.



System Approach

Can we penetrate the 
exterior envelope?
• Historic Envelope?
• Lot Line Issues?

Presenter Notes
Presentation Notes
When looking at mechanical systems for a deep energy retrofit, the question of whether or not we can penetrate the exterior envelope is important and will guide system choice. In many cases penetrating the outside of the building is not feasible. If the façade is deemed historic, or in a zero lot line condition.



System Approach

YES – Apartment Level 
Solutions
• Ventilation and 

Condenser Air From 
Facade

• Mechanical Pod? 
• PTAC?
• WSHP?

Can we penetrate the exterior envelope?

Presenter Notes
Presentation Notes
If we are allowed to penetrate the exterior, we can take our ventilation air, and our condenser air directly from the building façade. This allows use of modular air-to-air heat pumps for space conditioning. In Europe, they have been applying all-in-one “mechanical pods”, that provide heating, cooling, ventilation, and sometimes hot water heating in a single device.  Some of these devices are making their way into the US market. Additionally, some domestic manufacturers are starting to offer similar equipment. This approach has several advantages. The pods can be manufactured off-site, and installed in place with minimal disruption to the occupants. Reduction of on-site fabrication can reduce cost. It also keeps the refrigerant in small loops internal to the equipment, which reduces the loss of global warming refrigerant to the atmosphere. As I mentioned before, the marketplace for these all-in-one devices is not mature. Some of the manufactures from overseas are importing these products into the market place. There are some interesting products from companies like Minotair and EPHOCA. There are also some domestic efforts to bring these kinds of product to market. Several manufacturers are making integrated hydronic fan coils with ERVs, and several water source heat pump manufacturers now have and added ERV option. Additionally, there are efforts to bring an over-seas manufactured mechanical pod that includes domestic hot water heating into the US market.




If we can’t penetrate the exterior: Can 
we fit ductwork in the corridor?

System Approach

YES
• Ventilation Air from Rooftop 

DOAS/ERV
• Space Conditioning:

• Water source heat pumps?
• Hydronic fan coils?
• VRF?

• Heat Pump Based Central Plant:
• Air Source Heat Pumps?
• Geothermal?
• Solar HW?
• VRF?

DOAs 
ERV

HEAT PUMP 
CENTRAL 

PLANT

Presenter Notes
Presentation Notes
If we are not able to penetrate the exterior façade, then we have to bring in our ventilation air from another location. A typical approach is to run shafts down from a rooftop ERV and serve the apartments from ductwork in the corridor ceiling. This requires adequate floor-to-floor height to squeeze in the ductwork, which is not always available. Providing ventilation air from a central point can provide several advantages. It allows for dehumidification of the ventilation air prior to delivery to the building, which can help keep the building dry. Additionally, filtration happens at a single point. This can allow high efficiency filtration with reduced filter cost. 

For space heating in this situation, we are required to get our heat from another place. Possibilities include:





4-pipe or 2-pipe hydronic system

System Approach

Advantages
• High Efficiency
• Opportunities for heat 

recovery to domestic hot 
water in central DHW 
system

Disadvantages
• Cost of piping is high if not 

already there

DOAs 
ERV

HEAT PUMP 
CENTRAL 

PLANT

Presenter Notes
Presentation Notes
- Absorbing heat from the air at the roof of the building: Air-to-water heat pumps can be used to make hot and cold water at the roof of the building. This hot and cold water can be distributed to fan coils in the apartments through hot and cold water piping. 




Water-source heat pumps

System Approach

Advantages
• Neutral water piped 

through the building. Can 
re-use existing heating 
water piping

• Can capture waste heat 
for domestic hot water 
heating in a central DHW 
plant

Disadvantages
• Compressor in every 

apartment

DOAs 
ERV

HEAT PUMP 
CENTRAL 

PLANT

Presenter Notes
Presentation Notes
- Another option is use air-to-water heat pumps to generate neutral temperature water to distribute to water-source heat pumps in the apartments in the building. This has the advantage of only requiring two-pipes, and can potentially reuse existing heating water piping in the building, that may have old or no insulation and vapor barrier. If space is available for geothermal wells, these can be used instead of the air to water heat pumps to use the ground temperature to absorb and reject heat.



Ground / Solar-source heat pumps

System Approach

Advantages
• Very low energy use
• Can be integrated with 

solar
• Lower maintenance costs
• Heat recovery to DHW 

possible
Disadvantages
• Requires real estate for 

geothermal wells
• High cost, but lower now 

with tax credits available, 
h  l   f ll HVAC 

DOAs 
ERV

Ground Loop 
Vertical Wells

Presenter Notes
Presentation Notes
- If space is available for geothermal wells, these can be used instead of the air to water heat pumps to use the ground temperature to absorb and reject heat. These systems are expensive, but the new geothermal incentives available with the IRA make them more affordable if ground area is available for the wells. Additionally, low temperature solar can be added to the loop to reduce the number of wells required.



VRF

System Approach

Advantages
• Less costly than hydronic
Disadvantages
• Requires refrigerant line-

sets to be run throughout 
the building

• High potential refrigerant 
loss, with high global 
warming potential

• High embodied carbon 
content of refrigerant

• High maintenance costs

DOAs 
ERV

VRF 
CENTRAL 

PLANT

Presenter Notes
Presentation Notes
- Variable Refrigerant systems, or VRF are popular in low and mid-rise multi-family retrofits.  VRF has the major disadvantage of the high amount of refrigerant used, the high potential for leakage, and the high global warming potential of the refrigerant. Additionally, we feel the systems have a relatively short potential lifespan, due to changes in refrigerant rules and technology.
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