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Preface

International Energy Agency (IEA)

The IEA was established in 1974 within the framework of the Organization for Economic
Cooperation and Development (OECD) to implement an international energy program. A
basic aim of the IEA is to foster cooperation among the 24 IEA participating countries
and to increase energy security through energy conservation, development of alternative
energy sources, and energy research, development, and demonstration (RD&D).

Energy Conservation in Buildings and Community Systems
(ECBCS)

The IEA coordinates research and development in a number of areas related to energy.
The mission of one of those areas, the IEA ECBCS Programme is to develop and
facilitate the integration of technologies and processes for energy efficiency and
conservation into healthy, low emission, and sustainable buildings and communities
through innovation and research.

The research and development strategies of the ECBCS Programme are derived from
research drivers, national programs within IEA countries, and the IEA Future Building
Forum Think Tank Workshop, held in March 2007. The research and development
(R&D) strategies represent a collective input of the Executive Committee members to
exploit technological opportunities to save energy in the building sector, and to remove
technical obstacles to market penetration of new energy conservation technologies. The
R&D strategies apply to residential, commercial, public and government buildings, and
community systems, and will impact the building industry in three focus areas of R&D
activities:

o Dissemination.

e Decision-making.

e Building products and systems.

The Executive Committee

Overall control of the program is maintained by an executive committee, which not only
monitors existing projects, but also identifies new areas where collaborative effort may
be beneficial. To date, the following projects have been initiated by the ECBCS
executive committee (www.ecbcs.org/annexes/index.htm).

Table 1.1. Ongoing Annexes.

Annex Title

56 Energy & Greenhouse Gas Optimized Building Renovation

55 Reliability of Energy Efficient Building Retrofitting — Probability Assessment of
Performance & Cost (RAP-RETRO)

WG Working Group on Energy Efficient Communities

54 Analysis of Micro-Generation & Related Energy Technologies in Buildings

53 Total Energy Use in Buildings: Analysis & Evaluation Methods

52 Toward Net Zero Energy Solar Buildings

51 Energy Efficient Communities

XXXi
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Annex Title

50 Prefabricated Systems for Low Energy Renovation of Residential Buildings

49 Low Exergy Systems for High-Performance Buildings and Communities

48 Heat Pumping and Reversible Air-Conditioning

a7 Cost Effective Commissioning of Existing and Low Energy Buildings

46 Holistic Assessment Toolkit on Energy Efficient Retrofit Measures for Government
Buildings (EnERGO)

44 Integrating Environmentally Responsive Elements in Buildings

5 Air Infiltration and Ventilation Centre

Table 1.2. Completed Annexes.

Annex | Title

45 Energy Efficient Future Electric Lighting for Buildings

43 Testing and Validation of Building Energy Simulation Tools

42 The Simulation of Building-Integrated Fuel Cell and Other Cogeneration Systems
(COGEN-SIM)

41 Whole Building Heat, Air and Moisture Response (MOIST-EN)

40 Commissioning of Building Heating, Ventilating, and Air-Conditioning (HVAC)
Systems for Improved Energy Performance

39 High-Performance Thermal Insulation (HiPTI)

38 Solar Sustainable Housing

37 Low Exergy Systems for Heating and Cooling

36 Retrofitting in Educational Buildings — Energy Concept Adviser for Technical Retrofit
Measures

36WG | Annex 36 Working Group Extension 'The Energy Concept Adviser'

35 Control Strategies for Hybrid Ventilation in New and Retrofitted Office Buildings
(HybVent)

34 Computer-Aided Evaluation of HYAC System Performance

33 Advanced Local Energy Planning

32 Integral Building Envelope Performance Assessment

31 Energy-Related Environmental Impact of Buildings

WG Working Group on Indicators of Energy Efficiency in Cold Climate Buildings

30 Bringing Simulation to Application

29 Daylight in Buildings

28 Low Energy Cooling Systems

27 Evaluation and Demonstration of Domestic Ventilation Systems

26 Energy Efficient Ventilation of Large Enclosures

25 Real Time HVAC Simulation

24 Heat, Air and Moisture Transport in Insulated Envelope Parts

23 Multizone Air Flow Modeling

22 Energy Efficient Communities

21 Environmental Performance of Buildings

20 Air Flow Patterns within Buildings

19 Low Slope Roof Systems

18 Demand-Controlled Ventilating Systems

17 Building Energy Management Systems — Evaluation and Emulation Techniques

16 Building Energy Management Systems — User Interfaces and System Integration

15 Energy Efficiency in Schools
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Annex | Title

15WG | Working Group on Energy Efficiency in Educational Buildings
14 Condensation and Energy

13 Energy Management in Hospitals

12 Windows and Fenestration

11 Energy Auditing

10 Building HVAC Systems Simulation

9 Minimum Ventilation Rates

8 Inhabitant Behavior with Regard to Ventilation

7 Local Government Energy Planning

6 Energy Systems and Design of Communities

4 Glasgow Commercial Building Monitoring

3 Energy Conservation in Residential Buildings

2 Ekistics and Advanced Community Energy Systems
1 Load Energy Determination of Buildings
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1 Introduction

The energy efficiency of government and public buildings must be improved to
successfully cope with increasing energy costs and mitigate climate change. Such non-
residential buildings (i.e., office buildings, production and maintenance facilities)
individually consume significantly more energy than typical residential buildings. Thus
they pose some specific challenges to those seeking improved energy management and
building energy performance. Particular issues for this sector are that:

1. Lighting and ventilation/air-conditioning are more important energy uses in these
buildings than in residential buildings.

2. Most non-residential buildings are typically large and require sophisticated building
automation systems.

3. Building automation systems frequently include energy management, but
concentrate on satisfactory operation rather than on energy efficiency.

4. Total building energy use is heavily influenced by the ventilation requirements and
building-specific processes and applications, especially in production and
maintenance facilities, restaurants and data centers, hospitals and clinics, etc.

5. The processes usually function satisfactorily, but tolerate waste and inefficiency. A
common issue in such buildings is that concerns about energy use generally take
second place to, and are seen as incompatible with, goals of maintaining occupant
comfort or building functionality. This tendency is most pronounced in the existing
building stock. Decisions to retrofit a building are often made in response to
dissatisfaction concerning comfort level, or changes in building usage or processes;
the primary goal being to improve these conditions. Before decision makers will
consider energy conservation in buildings as a primary goal, they must overcome
their reservations about the compatibility of energy conservation with occupants’
comfort and productivity, and building functionality. They need to see convincing, real
world examples of how measures that reduce energy use can also improve comfort
and functionality. Good technologies that meet these requirements are already
available. The main obstacle to their implementation is a simple lack of knowledge of
their intelligent application. Adoption of energy efficiency measures needs to be
integrated into facilities management with long-term planning for common retrofit
measures when updating the building fabric, services, and processes. This needs to
become part of normal operations, maintenance, and building use.

There is a wide variety of possible retrofit options for any given type of building. (‘Retrofit
measure’ means here the full range of possibilities for energy-related refurbishment,
renovation, or retrofit.) For every possible retrofit measure, there is an installation cost
and a payback time that can vary greatly depending on the building type and the climatic
zone in which the building is located. Additionally, the combined effect of different retrofit
measures can be lower or greater than each applied in isolation. A decision to
implement a retrofit measure often implies a long-term commitment as part of facilities
maintenance and management. It is very important to select optimal retrofits for each
application.

Public models (of which government buildings are an example) can influence a society’s
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values. Government buildings can exemplify the intelligent application of energy efficient
technologies. Private sector individuals are more likely to adopt energy-saving
technologies when they can see how Government authorities have constructively
addressed energy problems. It is particularly important for Government buildings to
demonstrate exemplary solutions and showcase them to the public. In other words, it is
not only important to do something positive, but also to take the necessary steps to
promote it. Government buildings can potentially change public opinion, and thereby
help increase the market penetration of energy-saving technologies.

The IEA ECBCS Programme Annex 46 “Holistic Assessment Toolkit on Energy Efficient
Retrofit Measures for Government Buildings” is meant to influence the decision-making
process in the retrofit of public and governmental buildings, which determines the use of
energy-saving measures in building retrofits

This sourcebook on Energy Efficient Technologies for Building Retrofits is a product of
Subtask B of the Annex 46. This sourcebook includes a list of more than 400 promising
Energy Conservation Measures and energy-saving technologies — current, proven, well
known, or under-used — that can be categorized as:

¢ building envelope.
internal load reduction.
lighting.
heating, ventilating, and air-conditioning (HVAC) systems.
energy consuming processes in the building.
supplemental energy systems (e.g., compressed air, steam system), etc.

For each energy conservation measure, there is either a short description or a more
detailed screening analysis. The detailed screening report includes a technology
description, qualitative and quantitative (simulation based) analysis of energy savings,
and simple payback by climate and building/system type. Analyzed technologies include:
wall, roof and attic insulation.

improved building airtightness.

advanced windows.

cool roofs.

insulation for supply/return ducts and hot/cold water pipes.

exhaust air heat recovery and heat recovery from condensing units.

grey water heat recovery from showers.

direct and indirect evaporative cooling.

hydronic radiant heating/cooling panels.

dedicated outdoor air systems with radiant cooling and with fan-coil units.
ground source heat pumps.

replacement of incandescent lamps with compact fluorescents.

intelligent lighting controls with daylight, exterior lighting control, spectrally
enhanced lighting, etc.

This sourcebook includes case studies that demonstrate the application of different
energy conservation technologies in retrofit projects. All 46 case studies contain
information on the building site, the retrofit concept, the retrofit cost, energy savings,
lessons learned, and general information on retrofitted buildings.



2 Energy Efficiency Technologies and Process
Related Measures for Building Retrofits

This chapter provides categorized listings of energy efficiency technologies and process
improvement measures (will be referred to as “Energy Efficiency Measures,” or “EEMSs”)
that can be applied to enable buildings energy use and cost reduction. It identifies some
commonly applied elements that can improve building performance, but does not include
all of available options. Some EEMs have low or no investment cost (e.g., control
strategies, lighting systems improvements, occupant behavior change, etc.). Other,
require higher investment costs (e.g., building envelope related measures), but have
significantly greater impact on energy use reduction. When selecting specific EEM, it is
important that each EEM has a payback during its life before its replacement. When
selecting EEMs consider synergistic effect of energy efficient bundles of load reduction
technologies (e.g., related to building envelope) and energy generating or converting
technologies (e.g., HVAC systems and energy plants), which may significantly reduce
overall investment costs. Some measures such as demand response/control may also
save energy as an incidental side benefit. Other measures may result in extension of the
capacity of given infrastructure systems and/or the ability for energy efficiency to defer or
eliminate the need for plant expansions. Such results can be factored into the resulting
return on investment (ROI) or life cycle cost (LCC) analysis.

The list has been compiled through extensive literature review, including results of
previously completed IEA ECBCS Annexes, materials presented during annual and
national workshops and conferences organized throughout duration of the Annex 46, as
well as during the ASHRAE Technical Committee 7.6 working group meetings.

2.1 Building Envelope

2.1.1 Walls

¢ Insulate walls. Retrofit insulation can be external and internal.

o External post insulation makes large savings possible, as this type of insulation
contributes not only to a reduction of the heat loss through large wall surfaces,
but also eliminates the traditional thermal bridges where floor and internal wall
are anchored in the exterior wall.

e Internal insulation is typically done when external insulation is not allowed (e.g.,
for historical buildings).

Insulate cavity walls using spray-in insulation.

e Consider converting internal courtyard into an atrium to reduce external wall

surface.

2.1.2 Roofs

Use “cool roof” (high-reflectance roofing material) with reroofing projects.
Determine roof insulation values and recommend roof insulation as appropriate.
Insulate ceilings and roofs using spray-on insulation.

Where appropriate, exhaust hot air from attics.
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2.1.3 Floors

e [nsulate floors.
¢ Insulate floors using spray-on insulation.
¢ Insulate basement wall with a slab over unheated basement.

2.1.4 Windows

¢ Replace single-pane and leaky windows with thermal/ operable windows to
minimize cooling and heating loss.

e Install exterior shading such as blinds or awnings to cut down on heat loss and to
reduce heat gain.

¢ Install storm windows and multiple glazed windows.

e Use tinted or reflective glazing or energy control/solar window films.

e Replace existing fenestration (toplighting and/or sidelighting) with dual-glazed
“low-e” glass wherever possible to reduce thermal gain.

e Adopt weatherization/fenestration improvements.

e Consider replacing exterior windows with insulated glass block when visibility is
not required but light is required.

e Landscape/plant trees to create shade and reduce air-conditioning loads.

2.1.5 Doors

e Prevent heat loss through doors by draft sealing and thermal insulation.
Install automatic doors, air curtains, or strip doors at high-traffic passages
between conditioned and unconditioned spaces.

e Use self-closing or revolving doors and vestibules if possible.

Install high-speed doors between heated/cooled building space and

unconditioned space in the areas with high-traffic passages.

Install separate smaller doors for people near the area of large vehicle doors.

Seal top and bottom of building.

Seal vertical shafts, stairways, outside walls and openings.

Compartmentalize garage doors, mechanical and vented internal and special-

purpose rooms.

2.1.6 Moisture penetration

e Reduce air leakage.
o Install vapor barriers in walls, ceilings and roofs.

2.2 HVAC Systems

2.2.1 Ventilation

¢ Reduce HVAC system(s) outdoor air flow rates when possible. Minimum outdoor
air flow rates should comply with ASHRAE 62.1 or local code requirements.

e Reduce minimum flow settings in single-duct and dual-duct variable air volume
(VAV) terminals as low as practical to meet ventilation requirements.

¢ Minimize exhaust and makeup (ventilation) rates when possible by complying
with the most stringent federal, state, and/or local code requirements.

e Use operable windows for ventilation during mild weather, when available
(Natural Ventilation) when outdoor conditions are optimal. Confirm that the facility
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has been designed for Natural Ventilation and the control strategies are available
to operate the facility in the natural ventilation mode.

Eliminate outside air ventilation during unoccupied building morning warm-up.
Convert mixing air supply system into displacement ventilation system to create
temperature stratification in spaces with high ceilings and predominant cooling
needs.

Consider replacement of all-air HVAC system with a combination of a dedicated
outdoor air system coupled with radiant cooling and heating systems.

Convert constant volume central exhaust system into a demand-based controlled
central exhaust system when possible.

Convert HVAC systems to provide ventilation in accordance with ASHRAE 62.1
Indoor Air Quality (IAQ) Procedure. Heating and Cooling Systems such as
Demand-Controlled Ventilation.

2.2.2 HVAC distribution systems

Convert a constant air volume system (CAV), including dual-duct, multizone, and
constant volume reheat systems) into a VAV system with variable-speed drives
(VFDs) on fan motors. A VAV system is designed to deliver only the volume of air
needed for conditioning the actual load.

Control VAV system VFD speed based on the static pressure needs in the
system. Reset the static pressure set point dynamically, as low as is practical to
meet the zone set points.

Reset VAV system supply-air temperature set point when system is at minimum
speed to provide adequate ventilation.

If conversion to VAV is impractical for CAV systems, reset supply-air
temperatures in response to load. Dynamically control heating duct temperatures
as low as possible, and cooling duct temperatures as high as possible, while
meeting the load.

Use high-efficiency fans and pumps; replace or trim impellers of existing fans and
pumps if they have excessive capacity relative to peak demand.

Install higher efficiency air filters/cleaners in HVAC system. Size ducts and select
filter sizes for low face velocity to reduce pressure drop where available space
permits.

Insulate HVAC ducts and pipes, particularly where they are outside the
conditioned space.

Check for air leaks in HVAC duct systems, and seal ductwork as indicated.
Rebalance ducting and piping systems.

Provide cooling effect by creating air movement with fans.

Select cooling coils with a face velocity of 300—-350 fpm (1.5-1.75 m/s) range to
reduce the air pressure drop across the cooling coil, and increase the chilled
water system temperature differential across the system.

Replace standard fan belts with fan belts designed for minimum energy losses,
such as cog belts.

Eliminate or downsize existing HVAC equipment in an existing building or group
of buildings when improvements in building envelope, reductions in lighting or
plug loads, and other EEMs that reduce cooling or heating loads have been
implemented.

Eliminate HVAC usage in vestibules and unoccupied spaces.

Minimize direct cooling/heating of unoccupied areas by system zone controls,
occupancy sensors or by turning off fan-coil units and unit heaters.

Replace forced-air heaters with low- or medium-temperature radiant heaters.

2-3



2-4

Energy Efficient Technologies & Measures for Building Renovation

Replace inefficient window air-conditioners with high-efficiency (i.e., high
seasonal energy efficiency ratio (SEER) rating) modular units or central systems.
Employ heat recovery from exhaust air and processes for preheating or pre-
cooling incoming outdoor air, or supply air.

Install transpired air heating collector (solar wall) for ventilation air preheating.
Modify controls and/or systems to implement night pre-cooling to reduce cooling
energy consumption the following day.

Use waste heat (e.g., hot gas, return air heat, return hot water) as an energy
source for reheating for humidity control (often air is cooled to dewpoint to
remove moisture and then must be reheated to desired temperature and
humidity).

Avoid temperature stratification with heating, either by proper air supply system
design or by using temperature destratifiers (e.g., ceiling fans).

In humid climates, supply air with a temperature above the dew point to prevent
condensation on cold surfaces.

Insulate fan-coil units and avoid their installation in unconditioned spaces.
Clean heat exchangers (to maintain heat exchange efficiency) in the evaporators
and condensers of refrigeration equipment on a seasonal basis.

Use high-efficiency dehumidification systems based on either dedicated outdoor
air systems (DOAS) or VAV.

Identify if there are any “rogue” zones (i.e., zones that determine the cooling or
heating demand on the entire system) in a multiple-zone air-handling system,
and modify them to eliminate their negative impact.

Modify supply duct systems to eliminate duct configurations that impose high
friction losses on the system.

Convert 3-pipe heating/cooling distribution systems to 4-pipe or 2-pipe systems.
Eliminate simultaneous heating and cooling through mixed returns.

Convert steam or compressed air humidifiers to ultrasonic or high-pressure
humidifiers.

Replace mechanical dehumidification with desiccant systems using heat-
recovery regeneration.

Consider small unitary systems for small zones with long or continuous
occupancy. Avoid running large distribution systems to meet needs of small,
continuously-occupied spaces.

Install thermostatic control valves on uncontrolled or manually-controlled
radiators.

Replace unitary systems with newer units with high efficiency and high SEER
ratings.

Install evaporative pre-cooling for DX systems.

Install or air-side heat recovery for systems using 100% makeup air (e.g., run-
around piping or energy exchange wheels).

In reheat systems, making adjustments as necessary to minimize reheat energy
consumption while maintaining indoor environmental quality.

In multiple-zone systems, identify any “rogue” zones that consistently cause the
reset of system level set points to satisfy that one zone’s heating or cooling
demands.

2.2.3 Building automation and control systems

Create building/air-conditioned space zones with separate controls to suit solar
exposure and occupancy.
Use night setback, or turn off HYAC equipment when building is unoccupied.
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Install occupancy sensors with VAV system: setback temperatures and shut off
boxes.

Install system controls to reduce cooling/heating of unoccupied space.

Lower heating and raise cooling temperature setpoints to match ASHRAE
Standard 55 Comfort Range.

Install an air-side and/or water side economizer cycle with enthalpy switchover
when compatible with the existing equipment, space occupancy and distribution
system.

Schedule off-hour meetings in a location that does not require HVAC in the entire
facility.

Retrofit multiple-zone VAV systems with direct digital controls (DDC) controllers
at the zone level, and implement supply-air duct pressure reset to reduce supply-
air duct pressure until at least one zone damper is nearly wide open.

Eliminate duplicative zone controls (e.g., multiple thermostats serving a single
zone with independent controls).

Adjust hot water and chilled water temperature to develop peak-shaving
strategies based on an outside air temperature reset schedule.

Adjust housekeeping schedule to minimize HVAC use.

Install programmable zone thermostats with appropriate deadbands.

Use variable-speed drives and DDC on water circulation pump and fan motors
and controls.

Reduce operating hours of complementing heating and cooling systems Ensure
proper location of thermostat to provide balanced space conditioning.

Implement an energy management system (EMS) designed to optimize and
adjust HVAC operations based on environmental conditions, changing uses, and
timing.

2.3 Refrigeration

2.3.1 Reduce loads

Install strip curtains or automatic fast open & close doors on refrigerated space
doorways.

Replace open refrigerated cases with reach-in refrigerated cases.

Replace old refrigerated cases with new high-efficiency models (improved
glazing, insulation, higher efficiency motors, reduced anti-sweat requirements).
Replace worn door gaskets.

Replace broken or missing auto-door closers.

Check defrost schedules and avoid excessive defrost.

Repair/install refrigeration piping insulation on suction lines.

Install humidity responsive Anti-Sweat Heating (ASH) controls on refrigerated
case doors.

Install refrigerated case, walk-in or storage space lighting controls (scheduled
and/or occupancy sensors).

Install night covers to reduce infiltration in open cases.

Install low/no ASH refrigerated case doors.

Replace lights with light emitting diode (LED) strip lights with motion sensors in
refrigerated cases and spaces.

Increase insulation on walk-in boxes and storage spaces that have visible
moisture or ice on walls, corners, etc.
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2.3.2 Improve system operating efficiency

Clean condenser coils.

Check the refrigerant charge and add when needed.

Reclaim heat from hot gas line for domestic water heating or space heating.
Install floating head pressure controls, adjustable head pressure control valve
and balanced port expansion valves for DX systems.

Install floating suction pressure controls on DX systems.

Install evaporator fan motor variable-speed drives and controllers in walk-ins and
refrigerated storage spaces.

Replace single-phase, less than 1 HP evaporator fan motors with electrically
commutated motors.

Replace 3-phase evaporator and condenser motors with premium efficiency
motors.

Replace single compressor systems with multiplex systems and control system.
Install mechanical sub-cooling.

Install mechanical unloaders on appropriate multiplex reciprocating semi-
hermetic compressors.

Install VFD on ammonia screw compressor.

Install high specific efficiency (Btu/watt) condenser.

Install hybrid air-cooled/evaporative-cooled condenser.

2.4 Water Systems

2.4.1 Domestic hot water systems

Lower domestic water setpoint temperatures to 120 °F.

Install point of use gas or electric water heaters.

Install water heater blankets on water heaters.

Install automatic flue dampers on fuel-fired water heaters.

Insulate hot water pipes.

Reclaim heat from waste water, refrigeration system, cogeneration, or chillers.
Install solar heating where applicable.

Dishwashers, replacement: Install low-temperature dishwashers that sanitize
primarily through chemical agents rather than high water temperatures.
Dishwashers, retrofit: Install electric eye or sensor systems in conveyor-type
machines so that the presence of dishes moving along the conveyor activates
the water flow.

Reduce operating hours for water heating systems.

Install grey water heat recovery from showers, dishwashers, washing machines.
Install low-flow dishwashing pre-wash spray nozzles.

Replace outdated laundry equipment with newer models.

2.4.2 Water conservation

Replace faucet (with units that have infrared sensors or automatic shutoff).
Install water flow restrictors on shower heads and faucets.

Install covers on swimming pools and tanks.

Install devices to save hot water by pumping water in the distribution lines back
to the water heater so hot water is not wasted. Install industrial waste/sewage
metering.

Install water metering.



Energy Efficiency Technologies and Process Related Measures for Building Retrofits

Landscape irrigation: Install irrigation timers to schedule sprinkler use to off-peak,
night, or early morning hours, when water rates are cheaper and water used is
less likely to evaporate.

Landscape irrigation: Use low-flow sprinkler heads instead of turf sprinklers in
areas with plants, trees, and shrubs.

Landscape irrigation: Use sprinkler controls employing soil tensiometers or
electric moisture sensors to help determine when soil is dry and to gauge the
amount of water needed.

Landscape irrigation: Use trickle or subsurface drip irrigation systems that
provide water directly to turf roots, preventing water loss by evaporation and
runoff.

Install low-flow toilets and waterless urinals.

Use water reclamation techniques.

2.5 Energy Generation and Distribution

2.5.1 Boiler system

Install air-atomizing and low NOx burners for oil-fired boiler systems.

Install automatic boiler blowdown control.

Install flue gas analyzers for boilers.

Install an automatic flue damper to close the flue when not firing.

Install turbulators to improve heat transfer efficiency in older fire tube boilers.
Install low—excess air burners.

Install condensing economizers.

Install electric ignitions instead of pilot lights.

Install an automatic combustion control system to monitor the combustion of exit
gases and adjust the fuel-air ratio to reduce excess combustion air.

Install isolation valves to isolate offline boilers.

Maintain insulation on heat distribution system. Replace insulation after the
system repair and repair damaged insulation.

Provide proper water treatment to reduce fouling.

Replace central plant with distributed satellite systems.

Downsize boilers with optimum burner size and forced draft (FD) fans.
Operate boilers at their peak efficiency; shut down large boilers during summer
and use smaller boilers.

Install expansion tank on hot water systems that are properly sized for the
system.

Heat recovery through de-superheating.

Preheat combustion air, feed water, or fuel oil with reclaimed waste heat from
boiler blowdown and/or flue gases.

Boilers: Install automatic controls to treat boiler makeup water.

Adjust boilers and air-conditioner controls so that boilers do not fire and
compressors do not start at the same time, but satisfy demand.

Clean boiler surfaces regularly to reduce scale and deposit, which will improve
heat transfer.

Replace non-condensing boilers with condensing boilers (15-20% compared to
new standard).

Prevent dumping steam condensate to drain.

Survey and fix steam/hot water/condensate leaks and failed steam traps.
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Convert steam system to low-temperature sliding temperature hot water system.
Install complementing steam boilers where needed.

Improve boiler insulation. It is possible to use new materials that insulate better
and have lower heat capacity.

Check steam trap sizes to verify they are adequately sized to provide proper
condensate removal.

Consider opportunities for flash steam use in low-temperature processes.
Consider pressuring atmospheric condensate return systems to minimize flash
losses.

Consider relocation or conversion of remote equipment such as steam-heated
storage.

Evaluate potential for cogeneration in multi-pressure steam systems presently
using large pressure-reducing valves.

Install steam metering and monitoring systems.

Investigate economics of adding insulation on presently insulated or uninsulated
lines.

Review mechanical standby turbines presently left in the idling mode.

Review operation of steam systems used only for occasional services, such as
winter-only tracing lines.

Review pressure-level requirements of steam-driven mechanical equipment to
consider using lower exhaust pressure levels.

Survey condensate presently being discharged to waste drains for feasibility of
reclaim or heat recovery.

Reduce boiler operating pressure to minimize heat losses through leakage.

2.5.2 Chiller system

Chiller retrofits with equipment that has high efficiency at full and part load.
Cooling tower retrofits including high-efficiency fill, variable speed drive (VSD)
fans, fiberglass fans, hyperbolic stack extensions, fan controls, VSD pump
drives, and improved distribution nozzles.

Install economizer cooling systems (Heat Exchanger [HX] between cooling tower
loop and chilled water loop before the chiller.

Install evaporative-cooled evaporative pre-cooled or water-cooled condensers in
place of air-cooled condensers.

Isolate offline chillers and cooling towers.

Reduce over-pumping on chilled water systems.

Replace single compressor with multiple different-size staged compressors.
Install two-speed, mechanical unloading or VFD on compressor motors.

Use of absorption chiller when there is cogen system, waste heat or solar
thermal available.

Install double-bundle chillers for heat recovery.

Free cooling cycle by piping chilled water to condenser during cold weather.
Prevent chilled water or condenser water flowing through the offline chiller.
Chillers can be isolated by turning off pumps and closing valves.

Equipment cooling: Control makeup water and reduce blowdown by adding
temperature control valves to cooling water discharge lines in equipment such as
air compressors and refrigeration systems.

Evaporative cooling systems: Install drift eliminators or repair existing equipment.
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Evaporative cooling systems: Install softeners for makeup water, side-stream
filtration (including nano-filtration, a form of low-pressure reverse osmosis), and
side-stream injection of ozone.

Evaporative cooling systems: Install sub-meters for makeup water and bleed-off
water for equipment such as cooling towers that use large volumes of water.
Evaporative cooling systems control cooling tower bleed-off based on
conductivity by allowing bleed-off within a high and narrow conductivity range.
This will achieve high cycles of concentration in the cooling system and reduce
water use in cooling tower.

Clean evaporator and condenser surfaces of fouling.

Optimize plant controls to raise evaporator temperature as high as possible while
meeting loads of the system. Also optimize condenser water temperature control
to achieve best combination of chiller and tower efficiency.

Optimize multiple chiller sequencing.

Control crankcase heaters off when not needed.

Raise evaporator or lower condenser water temperature.

Optimize multiple chiller sequencing.

Use two-speed or variable-speed fan instead of water bypass to modulate the
cooling tower capacity.

Balance water flow in the chilled water system.

Use variable-frequency drives (VFDs) for the primary chilled water pumps above
5 HP (3.7 kW). Consult chiller and tower manufacturers’ specifications to set
appropriate minimum flow limits.

Apply cooling load—based optimization strategies.

Install water source heat pumps (WSHPs) to augment the capacity of the hot
water boiler and to reduce the cooling load on the existing chiller systems when
heat is required.

Trim impellers on all condenser water and chilled water pumps that are
oversized.

Replace all pump and fan motors with premium efficiency motors.

2.5.3 Thermal storage and heat pumps

Install cool storage to reduce peak demand and lower electric bills.

Install hot water storage to shave peaks of hot water usage or to store reclaimed
energy from combined heat and power systems or waste heat from chillers for
later use.

Install add-on heat pumps.

Install secondary pumping systems.

Install VFDs on secondary pumps and replace most 3-way valves with 2-way
valves.

With cool storage and VFDs on fans and pumps, consider use of low-
temperature chilled water to reduce fan and pump energy.

Replace electrically powered air-conditioning and heating units with heat pumps.
Consider geothermal heat pumps.

Replace electric water heaters with electric heat pump water heaters.

2.6 Non-residential Lighting

In implementing any of these EEMs, care should be taken to not compromise the
photometric distribution or any required light levels.
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General: Check the current llluminating Engineering Society (IES) recommended
light levels for the tasks in the facility. They may be lower than when the original
lighting system was designed. Use these current recommended light levels to
help shape all future lighting decisions including those enumerated here.

2.6.1 Daylighting

In areas illuminated by daylight, evaluate opportunities for daylight harvesting.
Measure light levels on a day with a clear sky both with the electric lighting turn
on and turned off. If daylighting provides sufficient light level then install daylight
switching or daylight dimming controls (and appropriate ballasts if the lighting
system is fluorescent or High Intensity Discharge [HID]) to reduce the use of
electric lighting.

Install interior and/or exterior shading as appropriate to reduce solar heat gain
and cut down on heat loss and control the amount of light entering the space
from the exterior.

Install a skylight, tubular daylighting device, or sunlight delivery system to reduce
the use of electric lighting and provide natural daylight to the internal spaces of
the building.

2.6.2 Luminaire upgrades

Upgrade incandescent lamps in existing luminaires with more efficacious sources
such as halogen, integrally ballasted compact fluorescent, solid state (LED), or
metal halide retrofit lamps. Alternatively, replace incandescent luminaires with
luminaires using these sources.

Upgrade T12 fluorescent luminaires with more efficacious sources such as high-
performance T8 or T5 systems by: (1) replacing lamps and ballasts, (2) using
luminaire up-grade kits, or (3) installing new luminaires.

If the lighting system is already a high-performance fluorescent system, consider
replacing the lamps with reduced wattage lamps (where appropriate).

For fluorescent lighting, install high-performance electronic ballasts that are multi-
level or continuously dimmable with the appropriate controls.

Replace mercury vapor or probe-start metal halide HID luminaires with pulse
start metal halide or high-performance T8 or T5 fluorescent luminaires.

Upgrade task and display lighting, including lighting in refrigeration and freezer
cases, to more efficacious sources such as LED.

2.6.3 Signage

Evaluate upgrading standard fluorescent or neon signage with more efficacious
sources such as high-performance T8 or T5 fluorescent systems or solid state
(LED) systems.

Upgrade all exit signs to solid state (LED) exit signs. Supplemental lighting may
need to be added if the existing exit sign also provided general lighting.

2.6.4 Lighting controls

Reduced lighting usage through management and controlled systems — in
general, consider bringing the lighting control protocols for the building up to
90.1-2010 (Section 9.4.1) standards; this includes the following.

Reduce operating hours for lighting systems through the use of controls and
building management systems. This includes the use of shut off controls such as
time switches.
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Use reduced lighting levels, including off, when spaces are unoccupied, during
nighttime hours, for restocking, cleaning and security. Whenever possible move
restocking and cleaning operations to normal operating hours.

Use occupancy, vacancy, or motion sensors. Wherever applicable, these
sensors should either be manual-on or turn lighting on to no more than 50% of
lighting power.

Use controls to provide multiple light levels or dimming where appropriate.
Re-circuit or re-zone lighting to allow personnel to only turn on zones based on
use rather than operating the entire lighting system.

Install personal lighting controls so individual occupants can vary the light levels
within their spaces.

Consider installation of lighting systems that facilitate load shed requests from
the electric utility or energy aggregator.

Evaluate turning emergency lighting off or to a lower level when a building or
portion of a building is completely unoccupied without sacrificing safety
requirements.

2.6.5 Exterior lighting

Use automatic controls that can reduce outdoor lighting levels or turn them off
when either sufficient daylight is available or when not needed. All facade and
landscape lighting should be off from an hour after closing until an hour before
opening. All other lighting should be reduced by at least 30% during that same
time frame or when a motion sensor detects no activity for 15 minutes.

0 Exception: Lighting for covered vehicle entrances or exits from buildings or
parking structures where required for safety, security or eye adaptation.

Reduce power levels or turn exterior signage off when appropriate.

Signs that are meant to be on for some part of daylight hours should be reduced

in power by at least 65% during nighttime hours.

0 Exception: Sign lighting using metal halide, high-pressure sodium, induction,
cold cathode or neon lamps that are automatically reduced by at least 30%
during nighttime hours.

All other sign lighting should be off automatically turn off during daylight hours

and reduced in power by at least 30% from an hour after closing until an hour

before opening.

When selecting new outdoor luminaires, consider the amount of backlight, uplight

and glare delivered by each luminaire type to improve functionality and minimize

environmental impact. See section 5.3.3 of ASHRAE 189.1-2011.

2.6.6 Luminaire layout

Consider using lower levels of general illumination overall and then supplement
with task lighting where needed.

Consider new layouts that may maximize efficiency and reduce the total
connected lighting load. Consider plug and play systems to provide flexibility as
space use changes.

2.6.7 Other

Implement a plan to recycle lamps, ballasts and luminaires removed from the
building.

Consider updating lighting system to provide for demand response capability so
that lighting load is reduced during periods of peak electricity demand. These
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types of systems can provide day-to-day energy savings in addition to demand
response capability.

2.7 Residential Lighting

2.7.1 General

Replace incandescent lamps with halogen, integrally ballasted compact
fluorescent or solid state (LED) retrofit lamps in existing luminaires.

Select lamps that deliver the appropriate color temperature of light. Color
temperature indicates the color appearance of the light produced by the lamp.
Halogen lamps are a more energy efficient form of incandescent technology and
will deliver light similar to incandescent lamps. Linear fluorescent, compact
fluorescent and solid state (LED) lamps are available in a variety of color
temperatures. Lamps with color temperatures of 2700K and 3000K will deliver
the most incandescent-like light. Lamps with a color temperature of 3500K
deliver a neutral, white light. Lamps with color temperatures of 4000K and higher
will deliver cooler, white light; the higher the color temperature number, the
cooler the light.

Select lamps appropriate for use in enclosed luminaires, outdoor applications,
cold temperature applications and with dimming controls. Check the packaging or
manufacturer's website for guidance.

Use energy efficient technologies such as fluorescent, compact fluorescent or
solid state (LED) in applications with the longest operating times.

Use a whole-home lighting control system that provides energy-saving features
such as dimming, occupancy sensing, daylight harvesting, and allows occupants
to turn all the lights off from a single location or remotely.

2.7.2 Interior

Replace "on/off" switches with dimming controls, vacancy sensors or count-down
timers. Use dimming controls, vacancy sensors, or count-down timers for lights
or fans in bathrooms; use vacancy sensors in garages, laundry rooms, closets,
and utility rooms.

Upgrade T12 fluorescent luminaires to high-efficiency T8 or T5 systems by
replacing lamps and ballasts or installing new luminaires. Ballasts should be
Federal Communications Commission (FCC) rated for residential use.

Evaluate replacing incandescent and halogen luminaires with dedicated compact
fluorescent or solid state (LED) luminaires.

When replacing fluorescent ballasts or installing new fluorescent luminaires,
evaluate using electronic, dimming ballasts with the appropriate dimming
controls.

Evaluate adding daylight sensing controls for general illumination lighting in
rooms with windows or skylights. Use in combination with dimming systems so
the electric light level can be adjusted based on the amount of daylight available.
Install vacancy sensors to automatically turn off lighting in closets, storage, work
rooms, garages and exterior buildings when the space has been vacated for 15
minutes.

Add task lighting that uses energy efficient technologies such as fluorescent and
solid state (LED) and reduce or eliminate overhead lighting.
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2.7.3 Exterior

Install time switches and/or motion sensors to control outdoor lighting.

2.8 Electric Systems, Motors

Install energy efficient transformers. Use infrared camera to identify high-heat-
loss transformers.

Install electrical meters for sub-metering lighting, elevators, plug loads and HVAC
equipment.

Reduce demand charges through load shedding, operational changes, and
procedural changes.

Replace oversized electric motors with right-sized or slightly oversized motors.
Replace existing 3-phase, 1 HP and greater electric motors with premium
efficiency motors (often a better choice than rewinding motors).

Replace existing 1-phase, 1 HP (and less) motors with electrically commutated
motors.

Correct power factors depending on tariff considerations.

Use emergency generators for peak electric load shaving.

Use timer switches to turn off process equipment.

Use blower/fans instead of compressed air for cooling, drying, or blow-off
operations.

Use energy efficient air blow-off nozzles.

Use energy efficient v-belts for air compressors.

Check belt tension on electric motors.

2.9 Appliances

2.10

Install appliances (clothes washers, dehumidifiers, dishwashers, freezers,
refrigerators, room air cleaners and purifiers, office equipment, and televisions)
that are certified as Energy Star compliant.

Reduce plug loads, using devices to shut off equipment not being used (use
occupancy sensors or timers).

Install vending machine controllers.

Process Systems

2.10.1 General process improvement

Reduce operating cost by optimizing the process.

Reduce cost of product or service by eliminating waste.

Optimize maintenance costs to increase capacity utilization.

Increase process throughput by reducing cycle times.

Optimize yields by reducing off-specification product.

Reduce scrap/wastage/breakage by modifying the process causes.

Reduce rework by not taking short cuts that make rework.

Reduce downtime by optimizing planning and scheduling.

Improve product quality by improved process control.

Improve repeatability/consistency by using Statistical Process Control (SPC).
Improve safety by thinking about the safest way before starting.

Reduce pollution/hazardous waste by modifying the processes that cause it.
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Reduce labor cost by optimizing labor use.

Optimize overtime by analyzing the causes and correcting them.

Simplify processes by eliminating unnecessary, non-value added steps.
Reduce number of process steps by questioning and challenging their value.
Improve tooling/fixtures/jigs to increase capacity use.

Improve working conditions to improve productivity by increasing building
ventilation.

Reduce work hours/day or days/week by working on the important things.
Improve process specifications/documentation to treat continuous improvement.
Reduce inspections without reducing quality by eliminating unnecessary
inspections.

Optimize inventory by optimizing procurement/logistics.

Improve tools to increase productivity and product quality.

Simplify inspections by eliminating unnecessary requirements.

Encapsulate process to reduce indoor air contaminating emission.

Change the process by replacing materials with lower contaminant emission
materials when possible.

Increase accuracy, timeliness, applicability, and usefulness of the inspection by
optimizing the inspection processes.

2.10.2 Painting

Recycle water used to collect overspray paint by treating water with dissolved air
flotation and filter dewatering system to separate toxic solids.

Install heat recovery from paint process. 40 to 60% of heat input is vented
through the exhaust from painting process, while additional heat is lost as waste
heat through the walls Heat recovery in paint process, therefore can be
significant. However, some of this heat recovered from the stack is low grade
heat. If the problem of tar contamination can be overcome, heat can be
recovered from the stack. Heat can be recovered using heat wheels or other
technologies.

Maintain optimal air temperature and relative humidity for faster drying and to
eliminate rework due to defects in the coating. These parameters depend upon
the paint process and type of paint used.

Install VFDs on exhaust and supply fans connected to the sensor installed on the
compressed air line to the paint gun. VFDs allow reduction of exhaust and supply
air into the paint booth when there is no paint spraying. Reducing the volume of
air put through paint booth also limits the amount of energy to treat the supply
and exhaust air.

Use infrared paint curing. Infrared ovens replace gas-fired low-bake ovens to
speed up the stoving process. Infrared process reduces energy consumption by
reducing paint booth size and increases productivity by reducing stoving time.
Use ultrafiltration/reverse osmosis (UF/RO) for wastewater cleaning. When the
water-based paint is used, processing equipment must be regularly cleaned with
water. A typical painting operation requires significant amount of water to clean,
all of it must be disposed of as hazardous waste. Reducing this hazardous waste
therefore reduces transportation and incineration energy associated with its
removal. A combined UF/RO process cleans wastewater to the point where it is
again suitable for cleaning purpose. The UF/RO can recover 95% of the waste
water.
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Insulate the drying booth or tunnel. Insulation of the drying booth or tunnel can
reduce the heat losses through irradiation, which can be about 5% of the total
energy input.

Fix badly functioning entry and exit doors of drying booths, which can cause
additional heat losses.

Enclose painting operation when possible, e.g., in a booth.

2.10.3 Plating and metal finishing

Install emission “elimination” cover on Cr tank and reduce exhaust air flow rate
when the tank is covered.

Control exhaust airflows and steam heating on plating tanks.

Insulate plating tanks with the surface temperature above 49 °C (120 °F).

Treat rinse water to recover valuable metals or chemicals to return to plating
bath, with clean water returned to rinse system.

Rinsing and cleaning — install timers and tamper-proof conductivity controllers to
control quality of water in rinses.

Rinsing and cleaning — install ultrasonic cleaning equipment.

Rinsing and cleaning — install water-saving technologies or modification that are
specifically geared toward each facility. Examples are counter-current rinsing,
drag-out tanks or first stage static rinses, spray systems, flow reduction devices.
Use no-mask anode tooling technology to reduce labor cost, plating time and the
amount of time needed to grind the surface after plating. Reduction in plating
time results in increased throughput and reduced energy consumption (for tank
heating and cooling and exhaust air transportation and scrubbing).

2.10.4 Machining

Use process enclosures connected to exhaust systems or having built-in fans
and filter for turning (lathe), drilling, milling and grinding machines. For older
machines use partial enclosures or local capture hoods.

Use area lighting system to deliver in a combination with a task (supplemental)
lighting for workstations.

2.10.5 Welding

Select welding process that produces the least volume of fume consistent with
other application considerations. Gas tungsten arc welding (GTAW), plasma arc
welding (PAW), and submerged arc welding (SAW) processes generally produce
the lowest fume levels. Gas metal arc welding (GMAW) is normally the process
with the next lowest fume generation rate.

Use high-efficiency welding power sources, which have better electrical efficiency
and an improved power factor. In high-efficiency welding, power to the transformer
is shut off during system idling and cooling fans only run when needed. These
power sources provide 10 to 40% energy savings over older units.

Use modern inverter welding power sources, which can reduce the fume
generation for pulsed gas metal arc welding (GMAW-P) compared to
conventional GMAW procedures.

Selecting optimum welding voltage to reduce fume generation.

Select welding electrodes with reduced fume generation. Electrodes and
electrode coatings containing higher percentages of more volatile ingredients
produce higher levels of fume.
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Select shielding gas with reduced fume generation for the GMAW and Flux
Cored Arc Welding (FCAW) processes. Argon-based shielding gases with the
lowest percentages of oxygen or carbon dioxide will minimize fume for both
GMAW and FCAW. The fume generation rate can be cut almost in half by
changing from 100% CO, shielding gas to a mixture of Argon with 25% CO,
shielding gas. A further reduction in fume generation rate can be achieved by use
of a shielding gas containing Argon with only 5% CO, along with the appropriate
electrode.

Avoid, remove, or reduce oil film, paint, primer, rust, galvanizing or other coatings
on the welded surfaces since these coatings increase fume.

Reduce expulsion during spot welding.

Avoid short-time conditions with spot welding, changing over to medium-time
conditions.

Place containers with welded small parts in the totally enclosed cabinets
connected to exhaust system to avoid residual welding smoke release into the
building.

Exhaust from the total welding process enclosure when automatic welding
machines are used.

Exhaust from the welding area enclosure separating welding process from
operator’s environment, when robotic welding and material handling are used,.
Install local exhaust, which captures the contaminants at or near their source,
with manual and semiautomatic welding operations.

Use built-in fixture exhaust system for repetitive arc and resistance manual and
robotic welding operations. An engineered design to reduce exhaust air volume,
increase capture effectiveness of fumes generated during and after welding
operations. Requires cooperation of process and ventilation engineers.

Install demand-based exhaust system for weld fumes control in shops with
variable work load and welding processes with duty cycle below 70%.

Storage.

Use automatic “speed” doors operating via motion sensor.

Use dock seals for truck docks.

Use natural daylighting whenever possible and turn lights on only when needed.

2.10.6 Catering facilities

Food storage. Locate refrigerators and freezers away from heat sources,
Minimize frequency of opening refrigerators and freezers. Never put hot food in
refrigerators. Adopt a planned defrosting program. Check door/lid seals and
replace as necessary. Replace old equipment with new efficient models. Install
motor controls to improve compressor efficiency at low loads.

Food cooking and serving. Minimize preheating time for ovens, fryers and other
equipment. Switch off ovens before the end of the cooking time. Minimize hot
storage of cooked food. Keep hot plates and gas burners clean. Introduce regular
servicing of cooking appliances, including thermostats and automatic timers.
Install energy efficient and effective cooking appliances. Select induction hobs.
Select equipment sizes appropriate to task. Consider batch cooking to optimize
use of cooking appliances. Install microwave ovens to cook and reheat meals.

Air extraction equipment. Install energy efficient ventilation hoods. Locate hoods
directly over ovens, fryers, and grills, which need air extraction. Coordinate layout
of kitchen hoods and ductwork with cooking equipment layout and process.
Switch on extract systems only when required and switch off as soon as
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possible. Clean filters, grills and fan blades regularly to prevent grease build-up.
Close external doors when operating extract fans.

Dishwashers (replacement) — install low-temperature dishwashers that sanitize
primarily through the use of chemical agents rather than high water
temperatures.

Dishwashers (retrofit) — install electric eye or sensor systems in conveyor-type
machines so that the presence of dishes moving along the conveyor activates
the water flow.

Eliminate all single pass water use.

Dishwashers (operational modifications) — limit water temperature and flow rate
settings to manufacturer's recommendations. To avoid compromising the
sanitation process, do not set water temperature below 180 °F.

Use water conserving dishwashers.

Install grey water heat recovery.

Low-flow pre-rinse spray nozzle (< 1.6 gpm).

Install end panels on kitchen hoods to lower exhaust rates,.

Use compact fluorescent lamps (CFLs) in exhaust hoods, walk-in coolers and
dining room fixtures.

Install plastic strip curtains and auto-door closers for a walk-in cooler or freezer.
Install electronically commutated motor for walk-in cooler and freezer evaporator
fan.

Use Energy Star rated deep fat fryer.

Use Energy Star boilerless steamers.

Use high-efficiency ovens.

To extend it is feasible, change location and co-location of kitchen equipment to
increase local exhaust capture efficiency: position cooking appliances close to
the walls and avoid island installations when possible or back to back.

Use supply-air diffusers that direct air parallel to the hood’s face or downward.
Eliminate a gap between kitchen equipment and the back wall.

Calibrate the hot water heater temperature set point in accordance with the
requirements of the dish machine — typically 140 °F for a high temperature
machines and 125 °F for low-temperature machines.

Install an automated flue damper atop the water heater flue.

Install a time clock to shut recirculation pump on the water line during hours of
close.

2.10.7 Virtual training facilities

Maintain room air temperature within requirements to current generation of
equipment and electronics components.

Direct heat stream from the simulator’s condenser unit outside the air-
conditioned space via a duct of a central system or move condenser units
outside air-conditioned space.

Place power conditioners outside the air-conditioned space and use waste heat
for heating spaces with heating needs.

Vent heated air away from the manned module exhaust grilles using a central
exhaust system. In the summer, the heat stream from the simulator can be
directed outside. In the winter, warm air can be directed to spaces with heating
needs.

Vent heated air away from the computer server exhaust grille using a central
exhaust system connected to exhaust grilles. In the summer, the heat stream
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from the simulator can be directed outside. In the winter, warm air can be
directed to spaces with heating needs.

2.10.8 Swimming pool

Cover swimming pool when pool is not in use, e.g., lunch time, after hours to
save both water and energy (heating, cooling and electrical energy saving.) On
external pools can save 80% of energy costs.

Check the water temperature (shall not be above 27 °C (81 °F).

2.10.9 Photo and x-ray processing

Install temperature control valve to reduce flow when not developing.

Reduce flow to manufacturer’s specifications for actual operating conditions.
Install solenoid valve to shut off rinse and cooling flows when product is not being
developed.

2.10.10 Process control

Energy Management Control System (EMCS) installation, replacement, and
alteration.

Install demand limiting control system.

Install duty cycling control system.

Install economizer cooling control system.

Install hot/chilled water supply temperature reset control systems.

Install supply-air temperature reset control system.

Install temperature setup/setback control system.

Install time-of-day control system.

Install ventilation purging control system.

Install single building controllers (DDC).

On/off controls (electronic time clocks).

Install temperature control valve to reduce flow when not developing.
Reduce flow to manufacturer’s specifications for actual operating conditions.
Install solenoid valve to shut off rinse and cooling flows when product is not being
developed.

Regular maintenance plan.

General.

Inspect to ensure dampers are sealed tightly.

Clean caoil surfaces.

Ensure doors and windows have tight seals.

Check fans for lint, dirt or other causes of reduced flow.

Schedule HVAC tune-ups (the typical energy savings generated by tune-up is
10%).

Check and calibrate thermostat regularly.

Replace air filters regularly.

Adjust fan speed and belt drives.

Check valves, dampers, linkages and motors.

Check/maintain steam traps, vacuum systems and vents in one-pipe steam
systems.

Repair, calibrate or replace controls.

Cooling system maintenance.
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Clean the surfaces on the coiling coils, heat exchangers, evaporators and
condensing units regularly so that they are clear of obstructions.

Adjust the temperature of the cold air supply from air-conditioner or heat pump or
the cold water supplied by the chiller (a 2° to 3 °F adjustment can bring a 3 to 5%
energy savings).

Test and repair leaks in equipment and refrigerant lines.

Upgrade inefficient chillers.

Fuel-fired heating system maintenance.

Clean and adjust the boiler or furnace.

Check the combustion efficiency by measuring carbon dioxide and oxygen
concentrations and the temperature of stack gases; make any necessary
adjustments.

Remove accumulated soot from boiler tubes and heat transfer surfaces.

Install a fuel-efficient burner.

Upgrade fuel-burning equipment.

Install a more efficient burner.

Install an automatic flue damper to close the flue when not firing.

Install turbulators to improve heat transfer efficiency in older fire tube boilers.
Install an automatic combustion control system to monitor the combustion of exit
gases and adjust the intake air for large boilers.

Insulate hot boiler surfaces.

2-19



2-20  Energy Efficient Technologies & Measures for Building Renovation



3 Energy Modeling

Upgrading or retrofitting existing buildings for improved energy efficiency requires an
understanding of where energy is used in the building and where improvements can be
implemented. Sorting through the range of options and selecting the most effective and
cost-efficient measures to implement is difficult. The energy-saving potential of energy
conservation measures (ECMs) are often strongly dependent on some combination of
climate, building use, envelope design, HVAC system design and plant design and their
specific application. Some technologies (e.g., speed control using VFD, or replacement
of lighting fixtures with more efficient ones) can be evaluated using a simple
spreadsheet-type calculation. Other, require more sophisticated tools to account for
multiple effects on the building envelop, thermal comfort and different building systems.
Due to the difficulty of evaluating these new technologies through simple traditional
methods, energy simulation software has emerged as the most efficient and effective
method of evaluating the potential of a specific energy conservation technology applied
to a specific building. Modern simulation tools such as EnergyPlus (Strand 2000) and
ESP-r (Hand 2006, Clarke 2001) are well tailored to analyze different ECMs. In these
modern simulation tools, models for many ECMs already exist or can be composed from
elements within the tools. Expert users of these tools can readily assemble the building,
system and plant data required to construct a building model. Typically this information,
along with climate data, building use data, and typical system control strategies, is
gleaned from onsite inspections, architectural drawings, and published equipment
performance data. Once the basic model of the building has been constructed the expert
simulation user can modify the simulation input to create model variants to evaluate
each energy conservation measure of interest. ECMs can be evaluated one at a time or
in combination with other measures.

This chapter provides results of modeling analysis to evaluate the energy performance
of several ECMs applied to existing administrative, barracks/dormitories and industrial
buildings. Simulation of of administrative and barracks buildigns was conducted by the
National Renewable Energy Laboratory (NREL) to complete this work. At the same time,
parallel work for these types of buildings was conducted at Oklahoma State University
(OSU). OSU also conducted analysis of ECMs for an industrial facility that could
represent a large maintenance facility or light manufacturing facility.

The premise of the IEA ECBCS Annex 46 Subtask B was to create baseline models for
each of the three building types that are somewhat representative of existing buildings
and evaluate the performance ECMs in locations representing US, Canadian and
European climates in countries participating the the Annex 46. The baseline models are
not intended to represent any one particular building, but are meant to be rough
representations of most of the buildings. Several assumptions had to be made to build
the models and usually with very little knowledge of the buildings represented with this
study. The results presented in this book should be viewed as a first screening to help
understand relative performance of the ECMs within the limits of the assumptions
applied in the modeling. When retrofitting a building, these results will help guide the
building manager in selecting the most promising measures to consider. It is anticipated
that additional analyses will be completed to understand the performance of the selected
ECMs as applied to each building and economic situation.

The evaluations were conducted using detailed whole building energy simulations using
EnergyPlus (USDOE 2009). The simulations were completed for 15 representative US
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and Canadian locations (for all three types of buildings) and 16 European locations for
administartive and barracks/dormitory buildings. The relative energy and energy cost
performance compared to the baseline building are presented for each ECM, and in
some cases where a good cost data was available, a simple payback of the ECM is
presented.

3.1 Industrial Buildings

Specification of the baseline building model has a significant impact on the ranking of the
ECMs. In general, a unique baseline model must be specified for buildings that differ
significantly in envelope construction, ceiling height and use:

Building Envelope Construction: The airtightness, thermal mass and thermal
resistance of the envelope may have an impact on the screening process. The
relative significance of these parameters, however, is largely determined by the
building use. Often the heating and cooling load profile of industrial buildings is
dominated by the internal gains rather than the envelope.

Building Ceiling Height: The ceiling height has a significant impact on the degree
of thermal stratification in the space. As a result, both system performance and
the relative ranking of system ECMs are impacted by this parameter.

Building Use: Building use largely determines internal heat gains, infiltration
rates, and required ventilation rates. The magnitude of the internal gains
effectively shifts the relative importance of ECMs from heating to cooling. By
reducing the heating load and increasing the cooling load, large internal gains
associated with industrial processes minimize the impact of technologies that
improve the performance of the heating system and maximize the performance
of technologies that improve the performance of the cooling system. For
industrial buildings, infiltration rates are often dominated by the frequent use of
large overhead doors, and outside air requirements are often determined by the
rate at which contaminants and toxins are released into the air.

The industrial facility, shown in the Figure 3.1, was modeled as a 50,000 sq ft metal
building with three work areas, a loading dock and an office.

Figure 3.1. Zoning of the industrial building.
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The three industrial work areas were designed to model a range of industrial processes
and include:

1. Athermally intensive processing area (e.g., a heat treat shop)
2. A ventilation intensive processing area (e.g., a plating shop)

3. Alight fabrication area (e.g., a welding shop).In addition, the model includes a
shipping and receiving area with four large overhead doors and a typical office area.
The zones are differentiated from one another primarily on the basis of their internal
heat gains (Table 3.1). Internal gains are scheduled on the basis of a two-shift
operation.

Industrial buildings often have significant cracks in the facade, low quality fenestration
and large doors that are opened with some frequency. The base case model explicitly
represents such leakage paths and the opening of doors and the assessments, at 1-
minute intervals solves the air movement within the zones accounting for current
weather conditions and possible imbalances in the mechanical ventilation system. To
ensure both EnergyPlus and ESP-r were working with compatible assumptions about
flow, the ESP-r predictions were exported to EnergyPlus as averaged hourly values of
infiltration for each building zone and for each climatic zone.

Table 3.1. Zone area and internal heat gains.

Equipmen
Light Heat t Heat
Gain Gain W/sq People Infiltration
Zone Area Wisq ft ft (total number) ACH (m3/s)
Office 5000 1 05 10 0.5 (0.393289 m’/s)
Shipping & Receiving 5000 1 0.001 2 3(2.359737 m3/s)
High Thermal Loads 10000 15 30 20 2(3.146316 m3/s)
High Ventilation Loads 10000 15 15 20 2(3.146316 m3/s)
Light Fabrication Loads 20000 15 8 20 2 (6.292633 m3/s)

Typical light industrial wall and roof constructions were used in modeling the building.
The walls are insulated metal construction (R-4). Single-pane windows were used in the
work areas and double pane windows were used in the office areas. An 8-in. lightweight
concrete block wall separated the office area from the work areas. The roof was a
standard built up bitumen roof and the main floor consisted of an 8-" concrete slab.

The HVAC system configuration can have a significant impact on the relative
effectiveness of an industrial building ECM. The rank order of a set of ECMs is highly
dependent on the system type and its interaction with the space. Three space/system
configurations are of particular importance:

Ventilation vs. Air-Conditioning: Many industrial facilities in moderate climates have
“heating only” systems and rely on mechanical ventilation to provide tolerable working
conditions during the cooling season. For these systems, ECMs that would otherwise
reduce the cooling load or improve system efficiency have no effect on the building’s
energy use since the ventilation fan operates on a set schedule without regard for the
cooling load.

Radiant vs. Convective Heating: Because these two system types interact with the
space and maintain thermal comfort differently, the relative effectiveness of a given ECM
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can change significantly depending on the dominant heat transfer mechanism of the
system. For convective systems, the degree of thermal stratification in the space is
dependent on a number of parameters including diffuser location, characteristics of the
diffuser jet and the configuration of the space—especially the ceiling height. Together,
these parameters can affect the relative impact of system ECMs.

Outside Air vs. Recirculation: The outside air load can significantly alter the rank order of
industrial building ECMs. For industrial facilities that require 100% outside air to flush
toxins and contaminants from the process areas, ECMs that focus on outside air
reduction rank very high. For facilities that already operate with minimal outside air, the
same ECMs rank much lower.

The HVAC system specifications for the industrial baseline model used in this study are
listed in Table 3.2. The table shows thermostat settings, the HVAC system type,
ventilation schedules and the plant type. The data in Table 3.2 show that only the office
is air-conditioned. The office cooling setpoint is 82 °F with a 6 °F deadband, and the
heating setpoint is 62 °F with a 10 °F deadband. All of the other zones are heating only
with setpoints of 60 °F and 10 °F deadbands.

Each zone is served by a dedicated forced-air system. Ventilation air is scheduled for all
zones based on occupancy and work schedules as shown in the table. The ventilation
system uses 100% outside air in zones with high ventilation and thermal load. In zones
with light fabrication and in shipping and receiving the outdoor airflow rate is varies
between 30% during the heating season and 100% during the warm season
Recirculation and heat-recovery strategies are evaluated as ECMs for this building. Gas-
fired coils provide heat for the space.

Table 3.2. HVAC system specifications.

System
Zone Thermostat Settings Operation Ventilation Schedule
Office Cooling 76 - 82 (24.44 - 27.778); 6am - lam; M-F 200 CFM occupied
Heating 72 - 62 (22.22 - 16.667) 0 CFM unoccupied
Shipping & Receiving Heating 70 - 60 (21.11 - 15.556) 6am - lam; M-F 3ACH
High Thermal Loads Heating 70 - 60 (21.11 - 15.556) 6am - 1lam; M-F 3ACH
High Ventilation Loads Heating 70 - 60 (21.11 - 15.556) 6am - lam; M-F 9ACH
Light Fabrication Loads Heating 70 - 60 (21.11 - 15.556) 6am - 1lam; M-F 4 ACH

3.1.1 Representative climate zones and cities

The US Department of Energy (USDOE Climate Zone Map 2003) has determined that
the US climate can be adequately represented by eight climatic zones (with a humid and
a dry sub-zone in each) (Figure 3.3).The energy models were simulated in 15 US cities
representative of the 15 US climate zones Cities representative cities to these climate
Zones (Table 3.3). The table also include the table number from ASHRAE Standard
90.1-1989 used for climate related envelope characteristics and the heating degree days
(HDD) and cooling degree days (CDD). The EnergyPlus version of all weather files were
taken from the EnergyPlus weather data website (USDOE 2010). The US weather files
were based on Typical Meteorological Year-2 (TMY?2) data.
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Figure 3.2. US climate zones (USDOE Climate Zone Map 2003).
Table 3.3. US cities and climate zones used for simulations.

90.1- HDD HDD CDD CDD
Climate 1989 (Base (Base (Base (Base
City Zone | Table 8A- 65°F) 18°C) 50°F) 10°C)
Miami, FL 1A 15 200 111 9,474 5,263
Houston, TX 2A 10 1,599 888 6,876 3,820
Phoenix, AZ 2B 18 1,350 750 8,425 4,681
Memphis, TN 3A 24 3,082 1,712 5,467 3,037
El Paso, TX 3B 12 2,708 1,504 5,488 3,049
San Francisco, CA 3C 5 3,016 1,676 2,883 1,602
Baltimore, MD 4A 25 4,707 2,615 3,709 2,061
Albuquerque, NM 4B 23 4,425 2,458 3,908 2,171
Seattle, WA 4C 19 4,908 2,727 1,823 1,013
Chicago, IL 5A 26 6,536 3,631 2,941 1,634
Colorado Springs, CO 5B 28 6,415 3,564 2,312 1,284
Burlington, VT 6A 33 7,771 4,317 2,228 1,238
Helena, MT 6B 32 7,699 4,277 1,841 1,023
Duluth, MN 7A 36 9,818 5,454 1,536 853
Fairbanks, AK 8A 38 13,940 7,744 1,040 578

The annual expected gas and electric energy savings reported by the simulation results

were converted to dollars based on maximum, minimum, and average energy rates

reported on the US Department of Energy (USDOE) website (Table 3.4).

3-5



3-6

Energy Efficient Technologies & Measures for Building Renovation

Table 3.4. Regional energy rates, 2004 EIA Data.

. Electricity Cost ($/kWh) Natural Gas Cost ($/MMBtu)
City, State[—— - — -
Minimum | Average [ Maximum | Minimum | Average | Maximum

AK Fairbanks,| 0.080 0.113 0.120 2.03 4.42 4.68
AZ Phoenix, Al 0.054 0.073 0.082 7.14 8.11 11.24
FL Miami, FL [ 0.058 0.081 0.090 8.46 11.24 16.77
ID Boise, ID 0.038 0.049 0.059 6.62 7.98 8.57
IL Chicago, Il 0.045 0.067 0.083 7.70 8.29 8.67
MD Baltimore, | 0.040 0.064 0.075 8.96 10.11 11.35
MN Duluth, MN  0.045 0.061 0.077 6.36 8.05 8.83
NM Albuquergy  0.050 0.071 0.086 7.41 7.44 8.54
TN Memphis, | 0.045 0.061 0.069 6.14 8.77 9.64
TX1 El Paso, T{ 0.055 0.075 0.092 5.56 7.74 9.21
TX2 Houston, 7|  0.055 0.075 0.092 5.56 7.74 9.21
VT Burlington,/ 0.080 0.110 0.129 5.73 8.52 10.70

Industrial ECMs Screening Metrics

Energy Conservation Metrics: Although annual energy savings may be presented in raw
form (Btu/hr or Watts), some type of normalization is required to accommodate
comparisons between building types. For purposes of the screening tool, energy savings
are appropriately normalized by building or system parameters, but are not appropriately
normalized by parameters related to the technology being screened. Normalization on
the basis of technology parameters is only useful in comparing similar technologies.
Since the screening tool compares a wide range of technologies, this type of
normalization is not appropriate. For example, a comparison of competing transpired
solar wall technologies is best served by estimating energy savings per unit area of
installed solar wall (a technology design parameter), but the screening tool is best
served by estimating energy savings per unit of system volumetric flow rate (a system
parameter) or on the basis of zone floor area (a building parameter).

The two energy conservation metrics are selected for screening tool comparison are:
Annual Energy Savings
Building Area

Energy Savings =

and:
Annual Energy Savings

Energy Savings = -
Sum of the System VVolumetric Flow Rates

By using the total building area and the total system volumetric flow rate as a basis for
comparison, these metrics penalize technologies that can only be applied selectively to
specific zone or system types. Technologies that are more generally applicable are
favored by the broader basis of comparison.

Life Cycle and Simple Payback Calculations: From a pragmatic point of view, a metric
based on economics is arguably more useful than one based on energy savings alone.
As with the energy metric, one could just present the total yearly monetary savings due
to implementation of an ECM, but since this raw data would be specific to one building
irrespective of its size, a more sophisticated economic metric must be used to generalize
the results. Two commonly used metrics were tested and compared: a simple payback
metric and a more complex LCC metric.
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The simple payback (SPB) metric was very easy to calculate as shown in the following
equations. First the initial cost (IC) and change in maintenance cost (MC) of a
technology were estimated based on current equipment and construction costs. To
estimate the electricity savings (ES) and gas savings (GS), average utility rates for each
location were determined (World Energy Overview 2006). If productivity is included in
the analysis, the increase in productive hours (APH) due to the ECM is multiplied by an
average labor rate to estimate the annual savings due to increased productivity.

IC IC

SPB=—————— and spg =
ES+GS-AMC ES+ GS+ APH *Rate - AMC

Although the simple payback metric is very easy to implement it may not provide an
accurate representation of the results, due to the fact it does not take into account the
time value of money nor does it consider increasing utility prices. To assess the impact
of the simple payback assumption, an LCC metric was also developed for the screening
tool. As shown in the equations below, the LCC calculation returns the present worth of
the savings over the life of an ECM. A positive result means that it makes sense to
invest money into that technology; a negative result indicates that money is better
invested elsewhere. This metric also accounts for increases in the cost of utilities,
maintenance and labor. It was assumed that these prices would increase at a constant
rate. Escalation of electricity [ER] and gas [GR] rates were determined from Energy
Information Administration (EIA) projections (World Energy Overview 2006). It was
further assumed that maintenance costs and labor rates would increase at the historical
inflation rate (Inf). Finally, all these costs are brought back to present worth by using a
discount rate (DR), which is generally specific to each company.

LCC = PW(ES,GS,AMC) - IC

period -1 1 N
PW= > 7(ES(1+ ER) +GS@+GR) —AMC(+ Inf )
o @+DR)

and:
LCC = PW(ES,GS,AMC,WBGT) - IC

To calculate the Present Worth (PW) the future worth is first calculated. Future energy
prices are based on an EIA report, an average escalation rate was calculated from this
data for gas and electricity. The rate for gas was found to be 3.4% per year. The rate for
electricity was found to be 3.5% per year. It was assumed that maintenance and
productivity rates would increase at a rate equal to infiltration or 4.1% per year. A period
of 20 years and a discount rate of 7.5% were used for the analysis.

Productivity and Thermal Comfort Metrics: Many industrial buildings are cooled by natural
or forced ventilation without the assistance of chillers, air-conditioners, roof top units, etc.
For these buildings, ECMs that are designed to reduce the cooling load or improve the
performance of the air-conditioning equipment will show no effect. Even if the ECM
completely eliminates the cooling load, the ventilation fans will run to provide fresh air to
the space.

For ventilated industrial buildings, evaluation of ECMs that reduce the building cooling
load or improve the performance of air-conditioning equipment requires some sort of

thermal comfort analysis. The International Standards Organization (ISO) standard on
thermal comfort (ISO 1989) specifies the “wet bulb globe temperature,” WBGT, as the
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standard metric for determining the suitability of hot work environments. Table 3.5 lists
the allowable work demand for light and moderate work for both acclimatized and
unacclimatized workers as a function of WBGT.

Table 3.5. Productivity as a function of wet bulb globe temperature (ACGIH 2003).

Acclimatized Employee Unacclimatized Employee
Light Work Moderate Work Light Work Moderate Work
Productivity (WBGT °F) (WBGT °F) (WBGT °F) (WBGT °F)
100% Work 85.1 81.5 81.5 77
75% Work 86.9 83.3 84.2 79.7
50% Work 88.7 85.1 86 82.4
25% Work 90.5 87.8 87.8 84.2

To apply this metric to the evaluation of cooling ECMs, a subroutine calculating WBGT
was written for EnergyPlus. The algorithm is based on the following equation, which
calculates WBGT as a function of globe temperature, T4, and natural wet bulb
temperature, Tn, as follows:

WBGT = 0.3#T, +0.7%T,,

The globe temperature, Tg, was solved using the following correlation as given by
Sullivan and Corton (Sullivan 1976):
173x107(T* -T4)
V 0.6

g~ DB+

In this implicit formulation, the globe temperature is a function of the mean radiant
temperature, Tyrr, the air temperature, Tpg and the air velocity, V,. The fourth power
temperature difference renders the equation both sensitive to the initial guess of the
globe temperature and prone to non-convergence. Since the globe temperature is by
definition bounded by the mean radiant temperature, Tyrt, and the air temperature, Tpg,
it is easily bounded. With a relaxation parameter of 0.1, convergence was always
achieved.

The natural wet bulb temperature, T, Was solved using Romero's “still air” correlation
(Malchaire 1976).

0.16(T, - T, )+0.8
200

(560 - 2RH —5Ta)-0.8

anb = TWB +

The table, which was also included in EnergyPlus and the next release of ESP-r, was
then used to determine the allowable work demand for moderate work by an
acclimatized employee. This fraction was then multiplied by the maximum number of
man-hours available in the zone based as determined by the occupancy schedule. Lost
revenue was calculated at a fully burdened labor rate of $40/hr.

3.1.2 Analyized energy conservation measures

Table 3.6 lists ECMs simulated for industrial buildings. And detailed technology analysis
for them are presented in Section 3.6.6.



Table 3.6. Energy conservation measure overview.

Energy Modeling

Energy Conservation Measure

Description

Vehicle Vestibule

Decrease the amount of infiltration into the building

High-Speed Roller Door

Decrease the amount of infiltration into the building

Envelope Sealing

Decrease the amount of infiltration into the building

Dock Seals

Decrease the amount of infiltration into the building

Cool Roofs

Increase the albedo of the roof surfaces, reduces cooling
load and improves thermal comfort and worker’s
productivity

Destratification Fans

Reduces temperature stratification with heating

Displacement Ventilation

Increases ventilation effectiveness and creates
temperature stratification with cooling

High Temperature Radiant Heating

Provides working space heating by radiation, reduces
heating inefficiency

Solar Wall

Preheats ventilation air using solar energy

Daylighting

Provides high bay illumination without using electrical
power, reduces electrical energy cost

Demand-based Local Exhaust
System for Welding Shops

Captures welding fumes at source; operates only during
the welding process

Close Capture Exhaust Systems
for Moving/Stationary Vehicles

Stationary and moving vehicle exhaust capture system
traps and removes by-products of the engine combustion
process

Energy Recovery in Paint Booths

Recovers heat from exhaust air to preheat supply air

VFED Drives to Balance Airflow with
Production Rates

Controls fan operation in accordance with production rate
schedule

Turn off Idling Equipment

Turns-off production equipment during non-operating time
intervals

Recirculation with Filtration

Removes contaminants from recirculating air to reduce
energy for heating ventilation air

Setback thermostats

Reduces the heating or cooling load on the HVAC system
during unoccupied hours

3.2 Barracks

The prototypical barracks facility described here is a three-story building totaling
28,965 sq ft. The building includes 40 2-bedroom apartment units, a lobby, and laundry
rooms on each floor. A rendering of the building’s exterior is shown in Figure 3.3, and
the zoning plan used in the thermal model is shown in Figure 3.4 through Figure 3.6.
The apartment units were grouped into large zones to simplify the model development
and shorten the run time of the simulations. It is not expected that this simplification will
have a large effect on the relative performance of the efficiency measures. Table 3.8
lists an overview of the building specifications and the data in Table 3.8 summarize the

zone geometry.
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Figure 3.3. Rendering of the energy simulation model for the Army barracks.

UNITS_N_G

UNITS_GR_LF LOBBY UNITS_GR_RT
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STAIR_RIGHT LAUNDRY

STAIR_LEFT

Figure 3.4. Ground level floor plan.

UNITS 2 N
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STAIR_RIGHT

Figure 3.5. Second level floor plan.
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UNITS_3 N

LAUNDRY

STAIR_LEFT

UNITS 3 5

STAIR_RIGHT

Figure 3.6. Third level floor plan.

Table 3.7. Building model parameters.

Building Component

Component Description

Area

28,965 sq ft (2,691 m?)

Floors

3

Foot print shape

Rectangle

Fenestration type

Standard 90.1-1989

Wall construction

Wood frame with brick exterior

Wall insulation

Standard 90.1-1989, mass wall

Roof construction

Sloped metal roof with Insulation at roof Level

Roof insulation

Standard 90.1-1989, with attic

Infiltration

1 cfm/sq ft of shell area @ 0.3 in w.c.

Window-to-wall ratio

Total — 6.88%; North — 8.91%; East — 0.00%; South — 9.38%; West — 0.00%

Temperature set points

75 °F (23.9 °C) cooling and 70°F (21.1 °C) heating

HVAC

PSZ with DX-AC (2.6 COP) and gas furnace (0.8 Et)

Domestic Hot Water
(DHW)

Natural gas boiler

Table 3.8. Summary of thermal zones.

Area Volume
Zone (sq ft) (ft3) Conditioned
UNITS_GR_LF 2,688 21,499 Yes
UNITS_GR_RT 4,032 32,248 Yes
UNIT_S_G 602 4,816 Yes
UNIT_N_G 602 4,816 Yes
LOBBY 1,484 11,867 Yes
UNITS_2_S 4,704 37,623 Yes
UNITS_2_N 4,704 37,623 Yes
UNITS_3_S 4,704 37,623 Yes
UNITS_3_N 4,704 37,623 Yes
CEILING_1 9,407 31,356 No
CEILING_2 9,407 31,356 No
ROOF_SPACE 10,155 33,847 No
STAIR_LEFT 220 6,746 Yes
STAIR_RIGHT 220 6,746 Yes
LAUNDRY 308 5,348 Yes
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The roof height (calculated as volume/area) of the laundry zone and the left and right stair
zones is much greater than that of the other occupied spaces. This is because the laundry
and stair zones were modeled as single, three-story tall zones, instead of as individual
zones at each floor. Since values listed in this report are as-modeled zone values, items
such as lower lighting power density (LPD) and outside air (OA) flow rates are three times
larger than they would be had each of the zones been modeled on a floor-by-floor basis.

3.3 Locations

The energy models were simulated in 15 US cities representative of the 15 US climate

zones and in 16 Canadian and European cities (termed “international cities” in this book
selected by the IEA Annex 46 members as representative cities for their countries. The
cities and climate zones are shown in Tables 3.9 and 3.10. The tables also include the
table number from ASHRAE Standard 90.1-1989 used for climate related envelope
characteristics and the HDD and CDD. The EnergyPlus version of all weather files were
taken from the EnergyPlus weather data website (USDOE 2010). The US weather files
were based on Typical Meteorological Year-2 (TMY2) data, the Canadian weather files
were based on Weather Year for Energy Calculations-2 (WYEC?2) data, and the
European weather files were based on International Weather for Energy Calculations
(IWEC) data.

Table 3.9. US cities and climate zones used for simulations.

90.1- HDD HDD CDD CDD
Climate 1989 (Base (Base (Base (Base
City Zone | Table 8A- 65°F) 18°C) 50°F) 10°C)
Miami, FL 1A 15 200 111 9,474 5,263
Houston, TX 2A 10 1,599 888 6,876 3,820
Phoenix, AZ 2B 18 1,350 750 8,425 4,681
Memphis, TN 3A 24 3,082 1,712 5,467 3,037
El Paso, TX 3B 12 2,708 1,504 5,488 3,049
San Francisco, CA 3C 5 3,016 1,676 2,883 1,602
Baltimore, MD 4A 25 4,707 2,615 3,709 2,061
Albuguerque, NM 4B 23 4,425 2,458 3,908 2,171
Seattle, WA 4C 19 4,908 2,727 1,823 1,013
Chicago, IL 5A 26 6,536 3,631 2,941 1,634
Colorado Springs, 5B 28 6,415 3,564 2,312 1,284
Co
Burlington, VT 6A 33 7,771 4,317 2,228 1,238
Helena, MT 6B 32 7,699 4,277 1,841 1,023
Duluth, MN 7A 36 9,818 5,454 1,536 853
Fairbanks, AK 8A 38 13,940 7,744 1,040 578

Table 3.10. International cities and climate zones used for simulations.

Climate 90.1-1989 HDD CDD
City Zone Table 8A- (Base 18°C) | (Base 10°C)
Edmonton, CAN 7 36 5583 579
Ottawa, CAN 6 33 4664 1119
Vancouver, CAN 5 19 3020 806
Copenhagen, DNK 5 28 3563 713




Climate 90.1-1989 HDD CDD
City Zone Table 8A- (Base 18°C) | (Base 10°C)
Helsinki, FIN 7 33 4712 577
Tampere, FIN 7 33 5020 528
Lyon, FRA 4 20 2539 1483
Marseille, FRA 4 3 1735 2105
Nantes, FRA 4 4 2254 1311
Paris, FRA 4 19 2644 1209
Stuttgart, DEU 5 28 3338 1300
Milan, ITA 4 25 2639 1637
Naples, ITA 4 9 1364 2485
Palermo, ITA 2 9 724 3225
Rome, ITA 4 24 1444 2333
London, UK 4 19 2866 864

Table 3.11 lists utility rates for US locations, based on the average state costs from the
Energy Information Administration for 2007 (EIA 2008). Table 3.12 lists utility costs for
the Canadian and European locations.

Table 3.11. Utility rates for US locations.

City Electricity Cost ($/kWh) | Natural Gas Cost ($/therm)
Miami, FL $0.097 $1.131
Houston, TX $0.097 $1.319
Phoenix, AZ $0.100 $0.987
Memphis, TN $0.083 $1.284
El Paso, TX $0.080 $1.258
San Francisco, CA $0.100 $0.987
Baltimore, MD $0.128 $1.020
Albuquerque, NM $0.115 $1.328
Seattle, WA $0.076 $0.991
Chicago, IL $0.066 $1.237
Boise, ID $0.091 $1.043
Burlington, VT $0.051 $1.079
Helena, MT $0.123 $1.279
Duluth, MN $0.080 $0.981
Fairbanks, AK $0.074 $1.014

Energy Modeling
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Table 3.12. Utility rates for Canadian and European locations.

Electricity Cost Natural Gas Cost
City (cost/kwh) (cost/therm)
Edmonton, CAN $0.093 $1.067
Ottawa, CAN $0.093 $1.067
Vancouver, CAN $0.093 $1.067
Copenhagen, DNK €0.075 €2.834
Helsinki, FIN €0.114 € 2.408
Tampere, FIN €0.074 € 2.665
Lyon, FRA € 0.063 €2.327
Marseille, FRA €0.116 € 2.402
Nantes, FRA €0.079 €2.323
Paris, FRA € 0.075 €2.544
Stuttgart, DEU € 0.062 €2.611
Milan, ITA €0.054 € 2.364
Naples, ITA €0.071 €2711
Palermo, ITA €0.079 € 2.333
Rome, ITA €0.076 € 3.155
London, UK €0.072 €2.394

3.3.1 Modeling assumptions used in baseline energy model

The energy simulations were completed over a span of 3 years using the latest available
version of EnergyPlus (v2.0 — v5.0 depending on the simulation date).

3.3.2 Envelope

The building has a slab-on-grade floor, insulated steel stud walls with a brick exterior
facade, and an attic with a standing seam metal roof. Table 3.13 lists details of the main
envelope construction. The insulation levels and the properties of the fenestration for the
US locations are designed to comply with ASHRAE Standard 90.1-1989 (ASHRAE
1989) for each climate zone. Table 3.14 lists the 90.1-1989 opaque construction
properties by location. For some ECMs, additional baseline insulation values were
created to represent different construction practices. Table 3.15 lists a set of insulation
values that represent construction practices around 1960, developed from a review of
construction practices of office buildings by Briggs et al. (1987). Another practice that
was common for pre-1970 construction was to construct walls with no insulation, which
was used as a baseline for the wall insulation ECM. Table 3.16 lists window thermal
properties for the US locations from Standard 90.1-1989. The opaque construction and
window thermal properties for the international locations (Tables 3.17 and 3.18).were
defined by the Annex 46 members from these countries.

Table 3.13. Envelope construction layers.

Construction Outer Layer Layer 2 Inner Layer

Roof Steel Cladding % in (2 cm) Plywood Insulation per Location
Exterior Wall 4in (10 cm) Brick Insulation per Location %in (1.3 cm) Gypsum Board
Slab 4in (10 cm) Concrete Not Applicable (NA) Carpet




Table 3.14. US opaque construction thermal properties - Standard 90.1-1989.

Roof U-Value
Wall U-Value | (Btu/hr-°F-sq ft | Wall U-value | Roof U-value
City (Btu/hr’sq ft) ) (W/m*K) (W/m*K)
Miami, FL 1.000 0.074 5.68 0.42
Houston, TX 0.340 0.066 1.93 0.37
Phoenix, AZ 0.410 0.046 2.33 0.26
Memphis, TN 0.190 0.057 1.08 0.32
El Paso, TX 0.300 0.058 1.70 0.33
San Francisco, CA 0.490 0.088 2.78 0.50
Baltimore, MD 0.120 0.058 0.68 0.33
Albuquerque, NM 0.190 0.059 1.08 0.34
Seattle, WA 0.100 0.064 0.57 0.36
Chicago, IL 0.100 0.053 0.57 0.30
Boise, ID 0.140 0.051 0.79 0.29
Burlington, VT 0.071 0.045 0.40 0.26
Helena, MT 0.079 0.049 0.45 0.28
Duluth, MN 0.061 0.040 0.35 0.23
Fairbanks, AK 0.047 0.031 0.27 0.18

Table 3.15. US opaque

construction thermal properties, 1960 construction.

Wall U-Value Roof U-Value Wall U-value | Roof U-value
City (Btu/hr-°F-sq ft) | (Btu/hr-"F-sqft) | (W/m*K) (W/m*K)
Miami, FL 0.230 0.200 1.31 1.14
Houston, TX 0.230 0.200 1.31 1.14
Phoenix, AZ 0.230 0.200 1.31 1.14
Memphis, TN 0.224 0.115 1.27 0.65
El Paso, TX 0.230 0.200 1.31 1.14
San Francisco, CA 0.226 0.116 1.28 0.66
Baltimore, MD 0.196 0.102 1.27 0.58
Albuquerque, NM 0.199 0.105 1.13 0.59
Seattle, WA 0.193 0.101 1.10 0.57
Chicago, IL 0.180 0.088 1.02 0.50
Boise, ID 0.185 0.093 1.05 0.53
Burlington, VT 0.174 0.078 0.99 0.44
Helena, MT 0.175 0.078 0.99 0.45
Duluth, MN 0.167 0.076 0.95 0.43
Fairbanks, AK 0.160 0.076 0.91 0.43

Energy Modeling
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Table 3.16. US window thermal properties.

Window U-Value | Window U-Value | Window | Window-to-Wall
City (Btu/hr-°F-sq ft) (W/m?®.K) SHGC’ Ratio (%)
Miami, FL 1.08 6.14 0.61 7.3
Houston, TX 1.08 6.14 0.61 7.3
Phoenix, AZ 1.08 6.14 0.61 7.3
Memphis, TN 0.56 3.19 0.63 7.3
El Paso, TX 1.08 6.14 0.61 7.3
San Francisco, CA 0.56 3.19 0.63 7.3
Baltimore, MD 0.56 3.19 0.63 7.3
Albuquerque, NM 0.56 3.19 0.63 7.3
Seattle, WA 0.56 3.19 0.63 7.3
Chicago, IL 0.56 3.19 0.63 7.3
Boise, ID 0.56 3.19 0.63 7.3
Burlington, VT 0.49 2.77 0.61 7.3
Helena, MT 0.49 2.77 0.61 7.3
Duluth, MN 0.49 2.77 0.61 7.3
Fairbanks, AK 0.49 2.77 0.61 7.3

"Solar Heat Gain Coefficient (SHGCQC)

Table 3.17. International opaque construction thermal properties.

Wall U-Value Roof U-Value | Wall U-value | Roof U-value

City (Btu/hr-°F-sq ft) | (Btu/hr-'F-sqft) | (W/m*K) (W/m*K)
Edmonton, CAN 0.109 0.069 0.62 0.39
Ottawa, CAN 0.049 0.032 0.28 0.18
Vancouver, CAN 0.065 0.042 0.37 0.24
Copenhagen, 0.072 0.039 0.41 0.22
DNK

Helsinki, FIN 0.083 0.594 0.47 3.37
Tampere, FIN 0.083 0.594 0.47 3.37
Lyon, FRA 0.081 0.085 0.46 0.48
Marseille, FRA 0.081 0.085 0.46 0.48
Nantes, FRA 0.081 0.085 0.46 0.48
Paris, FRA 0.081 0.085 0.46 0.48
Stuttgart, DEU 0.321 0.704 1.82 4.00
Milan, ITA 0.085 0.092 0.48 0.52
Naples, ITA 0.085 0.092 0.48 0.52
Palermo, ITA 0.085 0.092 0.48 0.52
Rome, ITA 0.085 0.092 0.48 0.52
London, UK 0.321 0.704 1.82 4.00




Table 3.18. International window thermal properties.
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Window U-Value | Window U-Value | Window | Window-to-Wall
City (Btu/hr-"F-sq ft) (W/mZ-K) SHGC Ratio (%)
Edmonton, CAN 0.56 3.19 0.627 7.3
Ottawa, CAN 0.49 2.77 0.610 7.3
Vancouver, CAN 0.49 2.77 0.610 7.3
Copenhagen, DNK 0.51 2.90 0.281 16.7
Helsinki, FIN 0.36 2.02 0.226 33.7
Tampere, FIN 0.36 2.02 0.226 33.7
Lyon, FRA 0.49 2.78 0.763 254
Marseille, FRA 0.49 2.78 0.763 25.4
Nantes, FRA 0.49 2.78 0.763 25.4
Paris, FRA 0.49 2.78 0.763 254
Stuttgart, DEU 0.51 2.90 0.281 33.7
Milan, ITA 0.49 2.78 0.763 16.2
Naples, ITA 0.49 2.78 0.763 16.2
Palermo, ITA 0.49 2.78 0.763 16.2
Rome, ITA 0.49 2.78 0.763 16.2
London, UK 0.51 2.90 0.281 33.7

3.3.3 Airtightness and infiltration

Infiltration is an especially difficult parameter to obtain good data on because the
governing physics are complicated by many factors, including the operation of the
building and outdoor environmental conditions. Instead of attempting to model the
governing physics of infiltration, a simplified model was used. However, even in the
simple model, many assumptions about the level of infiltration and how it was affected
by the operation of the mechanical ventilation systems were made.

For the barracks building, it was assumed that the building leakage rate was equal to 1.0
cfm/sq ft (5.1 L/s/m?) of envelope (exterior walls and roof) at 0.3 in w.g. (75 Pa) pressure
difference across the building envelope. However, several assumptions and calculations
were required in order to go from a leakage rate to the simple infiltration model used in
the building energy simulation. First, a lower pressure of 0.016 in w.g. (4 Pa) was
assumed to be the average pressure difference across the building envelope without the
pressurization or depressurization of the building from the HVAC and exhaust fans. The
infiltration leakage rate was calculated, assuming a flow exponent (n) of 0.65 according
to Equation 3-1 and the total building infiltration was found by multiplying this flow rate by

the total shell area (Equation 3-2).
P n
ressurez) 31

Flow Rate, = Flow Rate; X (
Pressure;

where:
Flow Rate2 = OA infiltration flow rate per shell area at Pressure2
Flow Ratel = OA infiltration flow rate per shell area at Pressurel
Pressure2 = pressure at which the updated flow rate is desired
Pressurel = reference pressure

n flow exponent
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Infiltrationgyjaing = Flow Rate X Shell Areagy;jaing 3-2
where:
InfiltrationBuilding total building infiltration

Flow Rate
Shell AreaBuilding

OA infiltration flow rate per shell area
area of the building shell (exterior walls and roof)

Individual zone infiltration rates are assumed to be proportional to the floor area of that
zone compared to the total conditioned floor area and were calculated using Equation
3-3. Table 3.19 lists the resulting zone level infiltration rates in terms of air changes per
hour (ACH).

Infiltrationgzyne
= Infiltrationguuding
Floor Areaz,ne 3-3

X
Floor Areagyiiding

where:
InfiltrationZone
InfiltrationBuilding
Floor AreaZone
Floor AreaBuilding

zone infiltration rate
building infiltration rate
zone floor area
building floor area

Infiltration is often assumed to go to zero when buildings are pressurized in energy
models. This assumption is made because there is a lack of evidence about what really
happens and lack of knowledge of how to model it in an energy simulation. As such, it is
assumed that the uncontrolled infiltration is reduced to zero when the building ventilation
system is running. When the ventilation system is off (no outside air), the infiltration is
modeled at the full leakage rate calculated at 0.016 in w.g. (4 Pa). Infiltration is modeled
at constant ACH and is assumed to reasonably model the average effect of infiltration
over the course of the year. This is a gross assumption, but one that is necessary
without moving to more complicated flow network simulations.

Table 3.19. Zone infiltration.

Zone Air Change Rate (ACH)
UNITS_GR_LF 0.97
UNITS_GR_RT 0.97
UNIT_S_G 0.97
UNIT_N_G 0.97
LOBBY 0.97
UNITS_2_S 0.97
UNITS_2 N 0.97
UNITS_3_S 0.97
UNITS_3 N 0.97
STAIR_LEFT 0.76
STAIR_RIGHT 0.76
LAUNDRY 0.76
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3.3.4 Occupancy

The general occupancy rate is 2 people per two-bedroom unit. Table 3.20 lists the
maximum occupancy for each thermal zone. These maximum rates are modified by the
occupancy schedules included in Appendix A. It was assumed that the maximum
occupancy rate of the building is 80% at night and 20% occupancy during the day.

Table 3.20. Summary of zone internal loads.

Electric Equipment Lighting

Max Occupants Power Density Power Density
Zone Per Zone (W/t?) (W/m?) (W/t?) (W/m?)
UNITS_GR_LF 8 1.6 17.2 1.1 11.8
UNITS_GR_RT 12 1.6 17.2 1.1 11.8
UNIT_S G 2 1.6 18.3 1.1 11.8
UNIT_N_G 2 1.6 18.3 1.1 11.8
LOBBY 2 0.25 2.7 1 10.8
UNITS_2_S 14 1.6 17.2 1.1 11.8
UNITS_ 2 N 14 1.6 17.2 1.1 11.8
UNITS 3 S 14 1.6 17.2 1.1 11.8
UNITS_3 N 14 1.6 17.2 1.1 11.8
STAIR_LEFT 0 0 0 1.8 19.4
STAIR_RIGHT 0 0 0 1.8 19.4
LAUNDRY 1 41 441.3 2.7 29.1

3.3.5 Plug loads

Unfortunately there is no measured data available for the barracks facility plug loads.
The plug loads used in the baseline model are based on engineering judgment. It was
assumed that each occupant has their own television, computer, stereo and other
electronics, and it was assumed that the kitchen has a refrigerator, microwave and
electric cook top. Table 3.20 lists the peak loads for each zone, and Appendix B includes
the operating schedules for the plug loads.

3.3.6 Washer and dryer loads

It was assumed that there are two washing machines and dryers per floor. Assuming a
90% occupancy rate for the building, there are 72 occupants. It was assumed that each
occupant does three loads of laundry per week, which gives 216 loads per week or
approximately 31 loads per day. ENERGY STAR commercial washing machines use
approximately 20 gallons of water per load and 0.60 kWh of electricity per load. Assume
dryers use 1.5 kWh of electricity per load.

3.3.7 Lighting

Table 3.20 lists the lighting power densities for each zone of the baseline model, which
follow Standard 90.1-1989 and are listed in Appendices B and D as lighting control
schedules.
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3.3.8 HVAC

The baseline HVAC system consists of a packaged single zone air-conditioning (PSZ-
AC) unit in each zone of the building. Each system contains a DX cooling coil with a
Coefficient of Performance (COP) of 2.6 and a gas furnace with an efficiency of 0.8. The
system fans are constant volume fans with total efficiencies of 0.5. The pressure rise
across each fan is 500 Pa. The maximum flow rate for each fan varies with calculated
load. This value is allowed to autosize within the simulation as the flow rate required to
meet the load on the system is location dependent. A schematic of the HVAC system is
shown in Figure 3.7. The stairways have 80% efficient gas-fired unit heaters and no
cooling equipment. The temperature setpoints are summarized in Table 3.2 and the
hourly schedules are listed in Appendix B.

The models for the Canadian locations used the same systems as the US models. The
European models contained no cooling systems and hydronic baseboard heating with an
80% efficient gas-fired boiler.

<= Outside . .
Air _| Cooling _| Heating Fan
. - Coll i Coil
—  Mixer
)
Zone -

Figure 3.7. Baseline HVAC system diagram for US and Canadian locations.

3.3.9 Ventilation and outside air

Required minimum outdoor air flow rates were 450 cfm/sq ft for the laundry zone, 13
cfm/sq ft for most apartment spaces, and 30 cfm/person for the lobby

3.3.10 Analyzed energy conservation measures

Table 3.21 lists 17 ECMs simulated for barracks building. There are nine enveloape
related measures, seven HVAC measures, and one domestic hot water measure.
Chapter 4 includes simulation results and Chapter 5 gives a detailed analysis of some of
the technologies.

Table 3.21. Energy conservation measure overview.

Energy Conservation Measure Description

Increased Wall Insulation Increase the amount of insulation in the exterior walls

Increased Roof Insulation Increase the amount of insulation in the roof

Attic Insulation Add insulation to the attic (ceiling) surface and remove it
from the roof surface

Cool Roofs Increase the albedo of the roof surfaces
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Energy Conservation Measure

Description

Building Airtightness

Decrease the assumed amount of infiltration into the
building

Advanced Windows

Replace baseline windows with more efficient models

External Roller Shades

Add roller shades to the outside of windows to prevent
solar heat gains to the space during cooling and heat loss
from the space during heating

Overhangs

Installation of horizontal shading devices over the south-
facing windows to block direct solar gains

Exterior Vertical Fins

Installation of vertical fins on the outside of the building
near windows to prevent direct sunlight penetration during
the early morning and/or late evening

Energy Recovery Ventilators

Use heat exchangers to sensibly temper outdoor air with
exhaust air (no mixing of air streams)

Indirect Evaporative Cooling

Use direct evaporation to cool an air stream. That air
stream is then used to sensibly cool, via a heat exchanger,
the supply-air stream (no mixing of air streams)

Hybrid Evaporative Cooling

Cool the supply-air stream by using an indirectly
evaporatively cooled air stream as the inlet to a direct
evaporation process

DOAS with Fan-Coil Units

Uses two separate systems: one to supply and condition
outdoor air (this system handles the latent loads as well)
and one to meet the thermal loads (sensible only) of the
space

DOAS with Radiant Heating and
Cooling

Circulates warm or cool liquid through pipes embedded in
the floor and/or ceiling to radiantly condition a space.
Paired with a DOAS that delivers the required volume of
outdoor air

Ground Source Heat Pumps

Use of the ground as the heat source/sink in a direct
expansion loop. The fluid from this loop is passed through
the HVAC system heating and cooling coils as needed

Reheat Using Condenser Waste
Heat

Condenser waste heat from the chiller is used to heat the
water that is passed through the heating coil

Grey Water Heat Recovery

Extract heat from grey water to preheat incoming mains
water to be used for DHW

3.3.11 Office/administrative building

The administrative facility (baseline) used in the Annex 46 study in is a four story
building totaling 23,250 sq ft. The building model represents an existing building that is
at least 20 years old. ANSI/ASHRAE IESNA 90.1-1989 was used as the basis for the
energy systems and thermal envelope parameters (ASHRAE 1989). Figure 3.8 shows
an artist’s rendering of the building’s exterior, and Figure 3.9 shows the floor plan of the
zoning used in the thermal model. The data in Table 3.22 give an overview of the
building specifications, and the data in Table 3.23 summarize the zone geometry.
Section 3.4 includes a more detailed discussion of the parameters and the assumptions
that went into choosing them. Section 3.4.3 discusses internal loads. (See Table 3.31
for a summary of zone internal loads.)
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Figure 3.8. Rendering of the energy simulation model for the Army administrative facility.

Figure 3.9. Thermal zoning repeated for each floor.

Table 3.22. Building model parameters.

Building Component | Component Description
Area 23,250 sq ft (2,160 m?)

Floors 4

Foot print shape Rectangle

Fenestration type Standard 90.1-1989

Wall construction Steel frame with brick exterior
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Building Component Component Description

Wall insulation Standard 90.1-1989, mass wall

Roof construction Sloped metal roof with insulation at roof level

Roof insulation Standard 90.1-1989, with attic

Infiltration 1 cfm/sq ft of shell area

Window-to-wall ratio Total — 23.44%; North — 30.00%; East — 12.51%; South — 30.00%; West
—-12.51%

Temperature set points | 75 °F (23.9 °C) cooling and 70 °F (21.1 °C) heating with night setback
to 86 °F (30 °C) cooling and 60 °F (15.6°C) heating

HVAC VAV system with central chiller (4.5 COP) and natural gas boiler (0.8 Et
)

DHW Natural gas boiler

Table 3.23. Summary of zone dimensions.

Area Volume
Zone (sq ft) (ft3) Conditioned?
ROOF 5,813 31,081 No
FLR_1 SEC_1 1,251 15,594 Yes
FLR_2_SEC_1 1,251 15,594 Yes
FLR_3 SEC_1 1,251 15,594 Yes
FLR_1 SEC_2 660 8,235 Yes
FLR_2_SEC_2 660 8,235 Yes
FLR_3 SEC_2 660 8,235 Yes
FLR_1 SEC_3 1,251 15,594 Yes
FLR_2_SEC_3 1,251 15,594 Yes
FLR_3 SEC_3 1,251 15,594 Yes
FLR_1 SEC_4 660 8,235 Yes
FLR_2_SEC_4 660 8,235 Yes
FLR_3 SEC 4 660 8,235 Yes
FLR_1 SEC_5 1,989 24,799 Yes
FLR_2_SEC_5 1,989 24,799 Yes
FLR_3 SEC_5 1,989 24,799 Yes

The energy models were simulated in 15 US cities representative of the 15 US climate
zones and in 16 Canadian and European cities (termed “international cities” in this book
selected by the IEA Annex 46 members as representative cities for their countries. Table
3.9 and Table 3.10 (p 3-12) list the city and climate zones. The tables also include the
table number from ASHRAE Standard 90.1-1989 used for climate related envelope
characteristics and the HDD and CDD. The EnergyPlus version of all weather files were
taken from the EnergyPlus weather data website (USDOE 2010). The US weather files
were based on Typical Meteorological Year-2 (TMY2) data, the Canadian weather files
were based on Weather Year for Energy Calculations-2 (WYEC?2) data, and the
European weather files were based on IWEC data.

Table 3.11 (p 3-13) lists utility rates for US locations based on the average state costs
from the Energy Information Administration for 2007 (EIA 2008). Table 3.12 (p 3-14) lists
utility costs for the Canadian and European.
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3.4 Modeling Assumptions Used in Baseline Energy Model

This section describes the modeling assumptions used in the baseline energy model.
The energy simulations were completed over a span of 2 years using the latest available
version of EnergyPlus, v2.0 — v5.0 depending on the simulation date. All simulations
were carried out using the NREL analysis platform that manages EnergyPlus
simulations.

3.4.1 Envelope

The building has a slab-on-grade floor, insulated steel stud walls with a brick exterior
facade, and an attic with a standing seam metal roof. The data in Table 3.24 detail the
main envelope constructions. The insulation levels and the properties of the fenestration
for the US locations are designed to comply with ASHRAE Standard 90.1-1989 for each
climate zone. Table 3.25 lists the 90.1-1989 opaque construction properties by location.
For some ECMs, additional baseline insulation values were created to represent
different construction practices. Table 3.26 lists a set of insulation values that represent
construction practices around 1960, developed from a review of construction practices of
office buildings by Briggs et al. (1987). Another practice that was common for pre-1970
construction was to construct walls with no insulation, which was used as a baseline for
the wall insulation ECM. Table 3.27 lists window thermal properties for the US locations
from Standard 90.1-1989. Tables 3.28 and 3.29 list the opaque construction and window
thermal properties for the international locations, as defined by the Annex 46 members
from these countries.

Table 3.24. Envelope construction layers.

Construction | Outer Layer Layer 2 Inner Layer
Roof Steel Cladding Y4 in (2 cm) Plywood Insulation per Location
Exterior Wall 4 in (10 cm) Brick Insulation per % in ( 1.3 cm) Gypsum
Location Board
Slab 4in (10 cm) NA Carpet
Concrete

Table 3.25. US opaque construction thermal properties - Standard 90.1-1989.

Wall U-Value Roof U-Value Wall U-value | Roof U-value
City (Btu/hr-°F-sq ft) | (Btu/hr-"F-sqft) | (W/m*K) (W/m*K)
Miami, FL 1.000 0.074 5.68 0.42
Houston, TX 0.340 0.066 1.93 0.37
Phoenix, AZ 0.410 0.046 2.33 0.26
Memphis, TN 0.190 0.057 1.08 0.32
El Paso, TX 0.300 0.058 1.70 0.33
San Francisco, CA 0.490 0.088 2.78 0.50
Baltimore, MD 0.120 0.058 0.68 0.33
Albuquerque, NM 0.190 0.059 1.08 0.34
Seattle, WA 0.100 0.064 0.57 0.36
Chicago, IL 0.100 0.053 0.57 0.30
Boise, ID 0.140 0.051 0.79 0.29
Burlington, VT 0.071 0.045 0.40 0.26
Helena, MT 0.079 0.049 0.45 0.28




Wall U-Value Roof U-Value Wall U-value | Roof U-value
City (Btu/hr-°F-sq ft) | (Btu/hr-'F-sqft) | (W/m*K) (W/m*K)
Duluth, MN 0.061 0.040 0.35 0.23
Fairbanks, AK 0.047 0.031 0.27 0.18

Table 3.26. US Opaque construction thermal properties, 1960 construction.

Wall U-Value Roof U-Value

(Btu/hr-°F-sq f | (Btu/hr-°F-sqf | Wall U-value | Roof U-value
City t) t) (W/m?**K) (W/m?K)
Miami, FL 0.230 0.200 1.31 1.14
Houston, TX 0.230 0.200 1.31 1.14
Phoenix, AZ 0.230 0.200 1.31 1.14
Memphis, TN 0.224 0.115 1.27 0.65
El Paso, TX 0.230 0.200 1.31 1.14
San Francisco, 0.226 0.116 1.28 0.66
CA
Baltimore, MD 0.196 0.102 1.27 0.58
Albuquerque, NM 0.199 0.105 1.13 0.59
Seattle, WA 0.193 0.101 1.10 0.57
Chicago, IL 0.180 0.088 1.02 0.50
Boise, ID 0.185 0.093 1.05 0.53
Burlington, VT 0.174 0.078 0.99 0.44
Helena, MT 0.175 0.078 0.99 0.45
Duluth, MN 0.167 0.076 0.95 0.43
Fairbanks, AK 0.160 0.076 0.91 0.43
Table 3.27. US window thermal properties.

Window U-Value | Window U-Value
City (Btu/hr-"F-sq ft) (W/mZ-K) Window SHGC
Miami, FL 1.08 6.14 0.61
Houston, TX 1.08 6.14 0.61
Phoenix, AZ 1.08 6.14 0.61
Memphis, TN 0.56 3.19 0.63
El Paso, TX 1.08 6.14 0.61
San Francisco, CA 0.56 3.19 0.63
Baltimore, MD 0.56 3.19 0.63
Albuquerque, NM 0.56 3.19 0.63
Seattle, WA 0.56 3.19 0.63
Chicago, IL 0.56 3.19 0.63
Boise, ID 0.56 3.19 0.63
Burlington, VT 0.49 2.77 0.61
Helena, MT 0.49 2.77 0.61
Duluth, MN 0.49 2.77 0.61
Fairbanks, AK 0.49 2.77 0.61

Energy Modeling
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Table 3.28. International opaque construction thermal properties.

Wall U-Value Roof U-Value Wall U-value Roof U-value
City (Btu/hr-"F-sq ft) | (Btu/hr-"F-sq ft) (W/m*K) (W/m*K)
Edmonton, CAN 0.109 0.069 0.62 0.39
Ottawa, CAN 0.049 0.032 0.28 0.18
Vancouver, CAN 0.065 0.042 0.37 0.24
Copenhagen, 0.072 0.039 0.41 0.22
DNK
Helsinki, FIN 0.083 0.594 0.47 3.37
Tampere, FIN 0.083 0.594 0.47 3.37
Lyon, FRA 0.081 0.085 0.46 0.48
Marseille, FRA 0.081 0.085 0.46 0.48
Nantes, FRA 0.081 0.085 0.46 0.48
Paris, FRA 0.081 0.085 0.46 0.48
Stuttgart, DEU 0.321 0.704 1.82 4.00
Milan, ITA 0.085 0.092 0.48 0.52
Naples, ITA 0.085 0.092 0.48 0.52
Palermo, ITA 0.085 0.092 0.48 0.52
Rome, ITA 0.085 0.092 0.48 0.52
London, UK 0.321 0.704 1.82 4.00
Table 3.29. International window thermal properties.

Window U-Value | Window U-Value
City (Btu/hr-"F-sq ft) (W/m?-K) Window SHGC
Edmonton, CAN 0.56 3.19 0.627
Ottawa, CAN 0.49 2.77 0.610
Vancouver, CAN 0.49 2.77 0.610
Copenhagen, DNK 0.51 2.90 0.281
Helsinki, FIN 0.36 2.02 0.226
Tampere, FIN 0.36 2.02 0.226
Lyon, FRA 0.49 2.78 0.763
Marseille, FRA 0.49 2.78 0.763
Nantes, FRA 0.49 2.78 0.763
Paris, FRA 0.49 2.78 0.763
Stuttgart, DEU 0.51 2.90 0.281
Milan, ITA 0.49 2.78 0.763
Naples, ITA 0.49 2.78 0.763
Palermo, ITA 0.49 2.78 0.763
Rome, ITA 0.49 2.78 0.763
London, UK 0.51 2.90 0.281

3.4.2 Airtightness and infiltration

Infiltration is an especially difficult parameter to obtain good data on because the
governing physics are complicated by many factors, including the operation of the
building and outdoor environmental conditions. Instead of attempting to model the
governing physics of infiltration, a simplified model was used. However, even in the
simple model, many assumptions about the level of infiltration and how it was affected
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by the operation of the mechanical ventilation systems were made.

For the administrative building, it was assumed that the building leakage rate was equal
to 1.0 cfm/sq ft of envelope (exterior walls and roof) at 75 Pa pressure difference across
the building envelope. However, several assumptions and calculations were required in
order to go from a leakage rate to the simple infiltration model used in the building
energy simulation. First, a lower pressure of 0.016 in w.g. (4 Pa) was assumed to be the
average pressure difference across the building envelope without the pressurization or
depressurization of the building from the HVAC and exhaust fans. The infiltration
leakage rate was recalculated, assuming a flow exponent (n) of 0.65 according to
Equation 4-1 and the total building infiltration was found by multiplying this flow rate by
the total shell area (Equation 4-2).

Pressure,\"
Flow Rate, = Flow Rate; X (—) 3-4
Pressure;
where:
Flow Rate2 = OA infiltration flow rate per shell area at Pressure2
Flow Ratel = OA infiltration flow rate per shell area at Pressurel
Pressure2 = pressure at which the updated flow rate is desired
Pressurel = reference pressure
n = flow exponent
Infiltrationgyiging = Flow Rate X Shell Areagyjjaing 3-5
where:
InfiltrationBuilding = total building infiltration
Flow Rate = OA infiltration flow rate per shell area
Shell AreaBuilding =area of the building shell (exterior walls and roof)

Individual zone infiltration rates are assumed to be proportional to the floor area of that
zone compared to the total conditioned floor area and were calculated using Equation
4-3. Table 3.30 lists the resulting zone level infiltration rates in terms of ACH.

Floor Areaz,ne

Infiltrationgyn, = Infiltrationgy;aing 3-6

X
Floor AreaBuilding

where:
InfiltrationZone
InfiltrationBuilding
Floor AreaZone
Floor AreaBuilding

zone infiltration rate
building infiltration rate
zone floor area
building floor area

Infiltration is often assumed to go to zero when buildings are pressurized in energy
models. This assumption is made because there is a lack of evidence about what really
happens and lack of knowledge of how to model it in an energy simulation. As such, it is
assumed that the uncontrolled infiltration is reduced to zero when the building ventilation
system is running. When the ventilation system is off (no outside air), the infiltration is
modeled at the full leakage rate calculated at 4 Pa. Infiltration is modeled at constant
ACH and is assumed to reasonably model the average effect of infiltration over the
course of the year. This is a gross assumption, but one that is necessary without moving
to more complicated flow network simulations.
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Table 3.30. Zone infiltration.

Air Change Rate

Zone (ACH)

FLR_1 SEC_1 0.63
FLR_2_SEC_1 0.63
FLR_3 SEC_1 0.63
FLR_1 SEC_2 0.63
FLR_2_SEC_2 0.63
FLR_3 _SEC_2 0.63
FLR_1 SEC_3 0.63
FLR_2_SEC_3 0.63
FLR_3 _SEC_3 0.63
FLR_1 SEC 4 0.63
FLR_2_SEC_4 0.63
FLR_3 SEC_4 0.63
FLR_1 SEC_5 0.63
FLR_2_SEC_5 0.63
FLR_3 _SEC_5 0.63

3.4.3 Internal loads

Table 3.31 lists the peak zone internal loads, which are controlled by schedules found in
Appendix D. This occupancy density was assumed to represent typical office operations.
The lighting power density was taken from Standard 90.1-1989 and the electric
equipment power density was set from Standard 90.1-1989 for typical office loads.

Table 3.31. Summary of zone internal loads.

Lighting Power Electric Equipment

Max Occupants Density Power Density
(m’/Perso

Zone (ft*/Person) n) (WIt?) (W/m?) (W/t?) (W/m?)
FLR_1 SEC_1 229 21 1.8 19.4 0.75 8.1
FLR_2_SEC_1 229 21 1.8 19.4 0.75 8.1
FLR_3 SEC_1 229 21 1.8 19.4 0.75 8.1
FLR_1 SEC_2 229 21 1.8 19.4 0.75 8.1
FLR_2_SEC_2 229 21 1.8 19.4 0.75 8.1
FLR_3 _SEC_2 229 21 1.8 19.4 0.75 8.1
FLR_1 SEC_3 229 21 1.8 19.4 0.75 8.1
FLR_2_SEC_3 229 21 1.8 19.4 0.75 8.1
FLR_3 SEC_3 229 21 1.8 19.4 0.75 8.1
FLR_1 SEC 4 229 21 1.8 19.4 0.75 8.1
FLR_2_SEC_4 229 21 1.8 19.4 0.75 8.1
FLR_3 SEC_4 229 21 1.8 19.4 0.75 8.1
FLR_1 SEC_5 229 21 1.8 19.4 0.75 8.1
FLR_2_SEC_5 229 21 1.8 19.4 0.75 8.1
FLR_3 _SEC_5 229 21 1.8 19.4 0.75 8.1
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3.4.4 HVAC

The baseline HVAC system consists of four VAV systems with electric reheat, one serving
each floor of the building. Terminal units with reheat control the supply air to each zone. A
central chiller (4.5 COP) and natural gas boiler (0.8 Et) provide chilled and hot water to the
air systems. The system fans are VAV fans with total efficiencies of 0.5. The pressure rise
across each fan is 750 Pa. The maximum flow rate for each fan varies. This value is
allowed to autosize within the simulation as the flow rate required to meet the load on the
system is location dependent. The international buildings were modeled with packaged
single zone systems with gas heating and DX cooling.

3.4.5 Ventilation and outside air

Required minimum outdoor flow rates of 0.06 cfm/sq ft plus 20.0 cfm/person were
specified for each zone. All HVAC systems were equipped with differential dry bulb
controlled economizers with a maximum dry bulb temperature limit of 82°F (28°C) and

no lockout.

3.4.6 Analyzed energy conservation measures

Table 3.32 lists ECMs simulated for office/administrative building. Chapter 4 includes
simulation results and Chapter 5 gives a detailed analysis of some of the technologies.

Table 3.32. Energy conservation measure overview.

Energy Conservation Measure

Description

Increased Wall Insulation

Increase the amount of insulation in the exterior walls

Increased Roof Insulation

Increase the amount of insulation in the roof

Attic Insulation

Add insulation to the attic (ceiling) surface and remove it
from the roof surface

Cool Roofs

Increase the albedo of the roof surfaces

Building Airtightness

Decrease the assumed amount of infiltration into the
building

Advanced Windows

Replace baseline windows with more efficient models

Overhangs

Installation of horizontal shading devices over the south-
facing windows to block direct solar gains

Exterior Vertical Fins

Installation of vertical fins on the outside of the building near
windows to prevent direct sunlight penetration during the
early morning and/or late evening

Energy Recovery Ventilators

Use heat exchangers to sensibly temper outdoor air with
exhaust air (no mixing of air streams)

Indirect Evaporative Cooling

Use direct evaporation to cool an air stream. That air
stream is then used to sensibly cool, via a heat exchanger,
the supply-air stream (no mixing of air streams)

Hybrid Evaporative Cooling

Cool the supply-air stream by using an indirectly
evaporatively cooled air stream as the inlet to a direct
evaporation process

DOAS with Fan-Coil Units

Uses two separate systems: one to supply and condition
outdoor air (this system handles the latent loads as well)
and one to meet the thermal loads (sensible only) of the
space
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Energy Conservation Measure

Description

DOAS with Radiant Heating and
Cooling

Circulates warm or cool liquid through pipes embedded in
the floor and/or ceiling to radiantly condition a space. Paired
with a DOAS that delivers the required volume of outdoor
air

Ground Source Heat Pumps

Use of the ground as the heat source/sink in a direct
expansion loop. The fluid from this loop is passed through
the HVAC system heating and cooling coils as needed

Reheat Using Condenser Waste
Heat

Condenser waste heat from the chiller is used to heat the
water that is passed through the VAV reheat terminal boxes




4 Energy Conservation Measures
4.1 Introduction

This chapter provides results of an initial screening of 17 technologies for an energy
retrofit of a barracks (section 4.1) and 15 technologies for an energy retrofit of a
administrative/office buildings (section 4.2) in 15 US, 3 Canadian, and 13 European
climate zones. The results for barracks buildign could also apply to similar buildings such
as dormitories, apartment buildings, or highway lodging. The energy savings were
determined relative to an assumed baseline building, which may or may not be
representative of a particular building under consideration for retrofits. Therefore, the
results should not be taken as absolute answers, but rather as relative performance and
indications of trends that can be used to help a facility manager or engineer determine
which technologies to focus on for their project. Additional analyses should be completed
to determine the best ECMs and expected performance for particular projects.

The energy and energy cost savings for each of the 17 ECMs in this report were
calculated with annual hourly whole building energy simulations. Ideally, a payback
analysis or ROI would be determined for each ECM and used to rank the best use of
energy efficiency investment funds. However, retrofit ECM costs are very specific to
individual projects and difficult to determine for several ECMs and locations as
presented in this report. The energy cost savings for each ECM are reported and can be
used with estimated ECM costs to determine simple payback times. Simple payback
analyses were performed for advanced windows because we were able to determine the
incremental costs of advanced windows over a standard window retrofit as an example
of how this might be completed.

Modeling results presented in thic chapter show that there is wide range in energy
savings for ECMs. Some of the results are very dependent on location and others are
not. Some of the savings for the barracks are much higher than for other building types
like offices because of the 24 hour occupancy and the need for continuous ventilation air
and space conditioning.

For heating climates, the highest energy savings were achieved by ECMs that reduced
the heating loads through reducing the envelope thermal conduction, reducing outside
air into the building, and energy recovery. Reducing infiltration had a significant impact
and combining insulation with improved airtightness provided very strong energy savings
in cold climates. Energy recovery on the HVAC system was also a significant energy-
saving ECM in the cold climates.

For cooling dominated climates, reductions in solar gains and outside air had the largest
energy savings. Improvements in the efficiency of the delivery of the cooling to building
also showed significant energy savings. Adding wall and roof insulation also provided
significant energy savings in the warm climates because the older energy codes
required zero or very little insulation in these locations.

Other ECMs that are known to have significant energy savings such as lighting retrofits
and plug load control were not part of the scope of this project are not included in this
Chapter and are adressed in Chapter 5.

Many ECMs have very long payback periods when evaluated solely based on the
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installation costs and energy savings; however, they may have other benefits that should
also be considered when designing a retrofit program. For example, advanced windows
can improve indoor comfort and productivity by reducing hot and cold radiant effects,
reducing infiltration, and reducing glare. In addition, many retrofits are conducted for
other reasons than energy savings, such as replacement of non-operating equipment. In
these cases, energy efficiency should be considered and evaluated based on the
incremental costs and performance improvements over the baseline or standard retrofit
case. Finally, combinations of ECMs should be considered for the highest savings. Many
ECMs can produce higher savings when considered together with other ECMs. For
example, the best performing HVAC system in this report combined a DOAS with an
Energy recovery ventilator (ERV) and radiant heating and cooling. These three HVAC
technologies work very well together for barracks buildings in all climates. Further
improvements could be achieved with a whole building integrated retrofit. Improving the
envelope performance with increased insulation, improved airtightness, and improved
windows can lead to downsizing and possibly a complete redesign of the HVAC system
for multiplied energy savings.

4.2 ECMs

A list of the ECMs that were investigated can be found in Table 4.1 below. For a more
detailed description of what was modeled for each ECM and specific parameter values,
see Appendix A. Graphical results from the simulations showing the percent energy use
reduction and cost savings per area over the baseline model are presented in the
following sections.

Table 4.1. Energy conservation measure overview.

Energy Conservation

Measure Description

Increased Wall Insulation Increase the amount of insulation in the exterior walls

Increased Roof Insulation Increase the amount of insulation in the roof

Attic Insulation Add insulation to the attic (ceiling) surface and remove it
from the roof surface

Cool Roofs Increase the albedo of the roof surfaces

Building Airtightness Decrease the assumed amount of infiltration into the building

Advanced Windows Replace baseline windows with more efficient models

External Roller Shades Add roller shades to the outside of windows to prevent solar

heat gains to the space during cooling and heat loss from
the space during heating

Overhangs Installation of horizontal shading devices over the south-
facing windows to block direct solar gains
Exterior Vertical Fins Installation of vertical fins on the outside of the building near

windows to prevent direct sunlight penetration during the
early morning and/or late evening

ERVs Use heat exchangers to sensibly temper outdoor air with
exhaust air (no mixing of air streams)
Indirect Evaporative Cooling Use direct evaporation to cool an air stream. That air stream

is then used to sensibly cool, via a heat exchanger, the
supply-air stream (no mixing of air streams)

Hybrid Evaporative Cooling Cool the supply-air stream by using an indirectly
evaporatively cooled air stream as the inlet to a direct
evaporation process
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Energy Conservation
Measure Description

DOAS with Fan-Coil Units Uses two separate systems: one to supply and condition
outdoor air (this system handles the latent loads as well) and
one to meet the thermal loads (sensible only) of the space

DOAS with Radiant Heating Circulates warm or cool liquid through pipes embedded in

and Cooling the floor and/or ceiling to radiantly condition a space. Paired
with a DOAS that delivers the required volume of outdoor air

Ground Source Heat Pumps Use of the ground as the heat source/sink in a direct

expansion loop. The fluid from this loop is passed through
the HVAC system heating and cooling coils as needed

Reheat Using Condenser Condenser waste heat from the chiller is used to heat the
Waste Heat water that is passed through the heating coil
Grey Water Heat Recovery Extract heat from grey water to preheat incoming mains

water to be used for DHW

4.3 Barracks

4.3.1 Increased wall insulation

This section presents the effects of retrofitting the exterior walls with additional
insulation. Insulation with an R-value of 3.85 sq ft-h-°F/Btu per inch (0.347 m*-K/W per
cm) was added in increments of 1, 2, 4, 6, and 8 in (2.5, 5, 10, 15, and 20 cm). For this
study an additional baseline building was created with zero insulation in the walls. In
addition, it was assumed that adding wall insulation would improve the airtightness from
the baseline by 15%. One set of cases were run with the added insulation over the
901.1989 baseline and no change in the infiltration.

Table 4.2. Insulation ECM overview.

Additional Air Leakage
Insulation (cfm/sq ft @ (L/s/m2 @
Wall Construction (sq ft-hr-°F/Btu) | 0.3inw.g.) 75 Pa)
Baseline (90.1-1989 insulation) — 1.00 5.1
No insulation — 1.00 5.1
1989 Baseline with 1 in (2.5 cm) insulation R-3.85 1.00 5.1
1989 Baseline with 2 in (5 cm) insulation R-7.7 1.00 5.1
1989 Baseline with 4 in (10 cm) insulation R-15.4 1.00 5.1
1989 Baseline with 6 in (15 cm) insulation R-23.1 1.00 5.1
1989 Baseline with 8 in (20 cm) insulation R-30.8 1.00 5.1
1989 Baseline with 1 in (2.5 cm) insulation R-3.85 0.85 4.3
1989 Baseline with 2 in (5 cm) insulation R-7.7 0.85 4.3
1989 Baseline with 4 in (10 cm) insulation R-15.4 0.85 4.3
1989 Baseline with 6 in (15 cm) insulation R-23.1 0.85 4.3
1989 Baseline with 8 in (20 cm) insulation R-30.8 0.85 4.3
Zero Baseline with 1 in (2.5 cm) insulation R-3.85 0.85 4.3
Zero Baseline with 2 in (5 cm) insulation R-7.7 0.85 4.3
Zero Baseline with 4 in (10 cm) insulation R-15.4 0.85 4.3
Zero Baseline with 6 in (15 cm) insulation R-23.1 0.85 4.3
Zero Baseline with 8 in (20 cm) insulation R-30.8 0.85 4.3
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The results of the simulations are shown in Figures 4.1 through 4.14. The percent
energy savings and the area normalized energy and energy cost savings are shown for
all locations and compared to the standard baseline insulation case and the no-
insulation case. Most of the energy savings is achieved with the first one inch (2.5 cm) of
insulation; however, significant savings are achieved with additional insulation. The
overall energy savings for the US locations above the 90.1-1989 baseline ranges from
7% to 20%, and the overall energy savings above the no-insulation baseline varies from
10% to 30%. For the international locations, the overall energy savings compared to the
no-insulation baseline varies between 1% and 25%. Insulation in the Italy locations
showed very little energy savings.

25

mBasePlus 1 Inch
¥ 20 WBasePlus 2Inch ——
B W BasePlus 4Inch
§ W BasePlus 6 Inch
o W BasePlus 8 Inch
s
=
w
c
a
g
a
o

Figure 4.1. Percent energy savings for wall insulation and reduced infiltration over
Standard 90.1-1989 baseline.
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Figure 4.2. Energy savings for wall insulation and reduced infiltration over Standard 90.1-
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Figure 4.4. Percent energy savings for wall insulation and reduced infiltration over the no-
insulation baseline.
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Figure 4.5. Energy savings for wall insulation and reduced infiltration over the no-
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Figure 4.6. Energy cost savings for wall insulation and reduced infiltration over the no-
insulation baseline.
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Figure 4.7. Percent energy savings for wall insulation and reduced infiltration over the
Standard 90.1-1989 baseline - international locations.
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Figure 4.8. Energy savings for wall insulation and reduced infiltration over the Standard
90.1-1989 baseline - international locations.
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Figure 4.9. Energy cost savings for wall insulation and reduced infiltration over the
Standard 90.1-1989 baseline - Canadian locations.
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Figure 4.10. Energy cost savings for wall insulation and reduced infiltration over the
Standard 90.1-1989 baseline - European locations.
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Figure 4.11. Percent energy savings for wall insulation and reduced infiltration over the
no-insulation baseline- international locations.
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Figure 4.12. Energy savings for wall insulation and reduced infiltration over the no-
insulation baseline- international locations.
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Figure 4.13. Energy cost savings for wall insulation and reduced infiltration over the no-
insulation baseline- Canadian locations.



Energy Conservation Measures

__€16.00
o
T €14.00 mBasePlus 2.5 cm
£€12 00 mBasePlus 5cm
g ’ BasePlus 10 cm
a i -
E€10'00 WBasePlus15cm
E £8.00 - EBasePlus20cm ————
L]
D €6.00
8
'E; £4.00 -
T €2.00 -
b
£0.00 -
& & * & & W & N & & & © &
PO S & & G b X & &
*’-:Q;& &5@ *Z*e‘, «'a@Q R R ¢ S S Q'?}Q' €
K

Figure 4.14. Energy cost savings for wall insulation and reduced infiltration over the no-
insulation baseline- European locations.

4.3.2 Increased roof insulation

The baseline building has insulation at the attic floor level. This section presents the
results of replacing this insulation with insulation at the roof level. A second baseline
building was created with attic insulation representative of buildings built around 1960.
The 1960 insulation values were estimated from a report by Briggs et al. (1987), who
estimated envelope thermal properties by construction year for office buildings.

Table 4.3. Insulation ECM overview.

Added Building Air Leakage Attic
Roof cfm/sq ft @ 0.3 in Infiltration
Insulation w.g. Rate
Case Baseline | (R-value) (L/s-m* @ 75 Pa) (ACH)
Baseline 000 1989 - 1.00 (5.08) 1.0
Baseline 100 1960 - 1.00 (5.08) 1.0
Roof 001 000 10 1.00 (5.08) 0.25
Roof 002 000 20 1.00 (5.08) 0.25
Roof 002 000 30 1.00 (5.08) 0.25
Roof 004 000 40 1.00 (5.08) 0.25
Roof 004 000 50 1.00 (5.08) 0.25
Roof 001.2 000 10 0.85 (4.32) 0.25
Roof 002.2 000 20 0.85 (4.32) 0.25
Roof 003.2 000 30 0.85 (4.32) 0.25
Roof 004.2 000 40 0.85 (4.32) 0.25
Roof 005.2 000 50 0.85 (4.32) 0.25

The results for the roof insulation cases are shown in Figure 4.15 through Figure 4.21.
The savings for the US locations vary from near zero in Miami to over 6% in Duluth;
however, there is almost no change in saving with increasing insulation levels. The
results for the international locations show less than 1% savings in all locations except
Stuttgart, Helsinki, Tampere, and London. These locations show energy savings
between 4% and 7%. Some of the locations show negative savings due to increased
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cooling energy.
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Figure 4.15. Percent energy savings for increased roof insulation and reduced infiltration
over the Standard 90.1-1989 baseline.
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Figure 4.16. Energy savings for increased roof insulation and reduced infiltration over the
Standard 90.1-1989 baseline.
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Figure 4.18. Percent energy savings for increased roof insulation and reduced infiltration
over the Standard 90.1-1989 baseline — international locations.
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Figure 4.19. Energy savings for increased roof insulation and reduced infiltration over the
Standard 90.1-1989 baseline — international locations.
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Figure 4.20. Energy cost savings for increased roof insulation and reduced infiltration
over the Standard 90.1-1989 baseline — Canadian locations.
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4.3.3 Attic insulation

The attic insulation retrofit scenarios considered are described in Table 4.4. There are
two baselines: one for 1989 construction (000) and one for 1960 construction (100). All
six retrofit scenarios are repeated with each baseline.

Table 4.4. overview.

Added Building Air Leakage Attic
Ceiling cfm/sq ft @ 0.3 in Infiltration
Insulation w.g. Rate
Case Baseline | (R-value) (L/s-m® @ 75 Pa) (ACH)
Baseline 000 1989 — 1.00 (5.08) 1.0
Baseline 100 1960 — 1.00 (5.08) 1.0
Roof 021 000 10 1.00 (5.08) 1.0
Roof 022 000 20 1.00 (5.08) 1.0
Roof 023 000 30 1.00 (5.08) 1.0
Roof 024 000 40 1.00 (5.08) 1.0
Roof 025 000 50 1.00 (5.08) 1.0
Roof 021.2 000 10 0.85 (4.32) 1.0
Roof 022.2 000 20 0.85 (4.32) 1.0
Roof 023.2 000 30 0.85 (4.32) 1.0
Roof 024.2 000 40 0.85 (4.32) 1.0
Roof 025.2 000 50 0.85 (4.32) 1.0
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Figure 4.22. Percent energy savings for increased attic insulation and reduced building
infiltration over the Standard 90.1-1989 baseline.
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Figure 4.23. Energy savings for increased attic insulation and reduced building infiltration
over the Standard 90.1-1989 baseline.
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Figure 4.24. Percent energy savings for increased attic insulation and reduced building
infiltration over the Standard 90.1-1989 baseline — International locations.
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Figure 4.25. Annual energy savings for increased attic insulation and reduced building
infiltration over the Standard 90.1-1989 baseline — International locations.

4.3.4 Cool roofs

It was assumed that the baseline building has a pitched roof with brown roofing material
with a reflectance of p = 0.08. A thermal reflective brown roof with a solar reflectance of
p = 0.27 was modeled as a medium reflectance case, and a white roof with a solar
reflectance value of p = 0.65 was modeled to represent a highly reflective roof. These
cases are shown in Table 4.5. Cool roof technologies primarily impact the cooling energy
and potentially the comfort in spaces that are directly below the roof. The results for the
European models are not included here because they do not have cooling systems and
there is very little impact on the heating energy for this building type.

Table 4.5. Overview.

Roof Solar Mechanical
Case Description Reflectance Venting
Baseline | Standard brown 0.08 No
Casel Cool brown 0.27 No
Case 2 Cool white 0.65 No

The results of the cool roof simulations are shown in Figures 4.26 through 4.28. The cool
roof technology had a relatively small impact compared to some of the other EEMs.
Across the climate zones, cool roofs had a largest impact on the overall energy use in
the warm climate zones 1 through 3B and very little impact in the other climate zones.
The cool roofs tend to decrease cooling and increase heating energy and therefore
decrease electricity use and increase gas use for this building. Because of the this
tradeoff between electricity and gas, the energy cost savings was higher than the energy
savings and changed from slightly negative to slightly positive in most of the colder
climates. San Francisco has a slightly negative energy savings, but a significant positive
energy cost savings.
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Figure 4.27. Annual energy savings for cool roof.
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Figure 4.28. Annual energy cost savings for cool roof.

4.3.5 Building airtightness

The effects of retrofitting the barracks facility with a tighter envelope were evaluated with
three levels of air leakage for the US locations and two for the non-US locations. The
baseline leakage rate was assumed to be 1.0 cfm/sq ft (5.07 L/s/m?) at a pressure
difference across the envelope of 0.3 in. w.g. (75 Pa). The three levels of improved
airtightness and the associated average air changes per hour in the building are shown
in Table 4.6. The method used to derive air change rates from envelope leakage rates is
described in Section 4 pertaining to the baseline airtightness.

Table 4.6. Airtightness ECM overview.

Leakage Rate at 0.3 Leakage Rate at ACH

inw.g. (75 Pa) 0.016 in w.g. (4 Pa) at 0.016 in w.g.
Case cfm/sq ft (L/s/m?) cfm/sq ft (L/s/m?) (4 Pa)
Baseline 1.0 (5.07) 0.15 (0.65) 0.97
Typical practice for air sealing retrofit 0.50 (2.54) 0.074 (0.33) 0.48
Good practice for air sealing retrofit 0.25 (1.27) 0.037 (0.16) 0.24
Best practice for air sealing retrofit 0.15 (0.76) 0.022 (0.11) 0.15

The results for improved envelope airtightness are shown in Figure 3.34 through Figure
3.40. The baseline building model is fairly leaky, but is realistic based on data measured
by the US Army Corps of Engineers. The first level of improvement cuts the leakage rate
in half and provides most of the savings. The energy savings for all levels of improved
airtightness is above 6% for all US locations and above 10% for all Canadian and most
European locations. It is only the very mild locations that did not show significant energy
savings. The cost of this efficiency measure can vary widely depending on the condition
of the building, but it is generally not very expensive and a simple payback of one to 4
years can be expected. Improved airtightness is also very important for controlling
humidity in hot, humid climates.
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Figure 4.29. Percent energy savings for improved airtightness.
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Figure 4.30. Annual energy savings for improved airtightness.
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Figure 4.31. Annual energy cost savings for improved airtightness.
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Figure 4.32. Percent energy savings for improved airtightness — international locations.
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Figure 4.35. Annual energy cost savings for improved airtightness — European locations.

4.3.6 Advanced windows

The set of advanced window options evaluated are shown in Table 4.7. Exact models of
the recommended windows are not readily available in the NREL database; therefore, a
set of suitable alternative models were used. The properties of the eight replacement
windows as they were modeled are given in Table 4.8. Included in the table is the
estimated cost per square foot of glazing and the air leakage (AL) for each retrofit, which
was assumed to improve from the baseline of 1.00 cfm/sq ft at 75 Pa to 0.85 cfm/sq ft at
75 Pa.

Table 4.7. Retrofit windows.

Cost per Window
Window Options With Default Performance Values (12 sq ft)
U-Factor
Btu/hr-ft-°'F AL cfm/sq ft | Installed Cost
# | Glazing Type Frame Type (W/m-K) SHGC | VT (L/s/m?) Cost Premium
| | 2-pane, tinted Aluminum 0.76 (4.3) 0.56 | 0.51 0.2 (1.0) $300 baseline
Il | 2-pane, Non-metal 0.49 (2.8) 0.56 | 0.59 0.2 (1.0) $350 baseline
uncoated
A | 2-pane, low- Aluminum, 0.47 (2.7) 0.33 | 0.55 0.2 (1.0) $325 $25
solar-gain low-E | thermal
break
B | 2-pane, low- Non-metal 0.34 (1.9) 0.30 | 0.51 0.2 (1.0) $375 $25
solar-gain low-E
C | 2-pane, high- Non-metal 0.36 (2.0) 0.49 | 0.54 0.2 (1.0) $375 $25
solar-gain low-E
D | 3-pane, low- Non-metal 0.26 (1.4) 0.25 | 0.40 0.1 (0.5) $450 $100
solar-gain low-E
E | 3-pane, high- Non-metal 0.27 (1.5) 0.38 | 0.47 0.1(0.5) $450 $100
solar-gain low-E
F | 3-pane, high- Non-metal, 0.18 (1.0) 0.40 | 0.50 0.1 (0.5) $500 $150
solar-gain low-E | insulated
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Table 4.8. Modeled windows.

Cost Fenestration, Overall Building AL
$/sq ft U-value cfm/sq ftat 0.3 in w.g.
window ($/m?) Btu/h-°F-sq ft (W/m?%K) SHGC (L/s-m? at 75 Pa)

I 25.00 (269.08) 0.69 (3.92) 0.43 0.85 (4.32)

Il 29.17 (313.96) 0.48 (2.73) 0.50 0.85 (4.32)

A 27.08 (291.46) 0.48 (2.73) 0.36 0.85 (4.32)

B 31.25 (336.34) 0.35 (1.99) 0.32 0.85 (4.32)

C 31.25 (336.34) 0.36 (2.04) 0.44 0.85 (4.32)

D 37.5 (403.61) 0.29 (1.65) 0.29 0.85 (4.32)

E 37.5 (403.61) 0.26 (1.48) 0.37 0.85 (4.32)

F 41.67 (448.49) 0.17 (0.97) 0.47 0.85 (4.32)

The results from the advanced window simulations are shown in Figure 3.41 through
Figure 3.48. Window F has the lowest thermal conductance and performed the best in
US climate zones 3A to 8. Window D has the lowest SHGC and performed the best in
the warmer climates. The payback for all windows in all US locations varies between 10
and 50 years. However, if a window replacement is already planned, then we can look at
the relative performance of each of the windows compared to the replacement window
(Window 1). Figure 3.44 shows the simple payback in years for each window compared
to Window I. Window A has the lowest payback for every climate because of the low
cost. There are several other windows with paybacks of less than 5 years and should be
considered for improved energy performance.

The results for the Canadian and European locations are mixed and depend on the
climate and the baseline window. The set of windows used for the analysis were
selected based on US conditions. Ideally, a unique set of windows would be selected for
each country based on the conditions of the baseline building.
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Figure 4.36. Percent energy savings for advanced windows.
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Figure 4.37. Annual energy savings for advanced windows.
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Figure 4.40. Percent energy savings for advanced windows — international locations.
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Figure 4.41. Annual energy savings for advanced windows — international locations.
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Figure 4.43. Annual energy cost savings for advanced windows — European locations.

4-27



4-28

Energy Efficient Technologies & Measures for Building Renovation

4.3.7 External roller shades

The modeled rolling shutter consists of aluminum slats that are filled with a regular-
density polyurethane foam core. The technical details are shown in Table 4.9.

Table 4.9. Roller shade description.

IP Units Sl Units
U-Value (without air gap between slat and window glass) 5.43 30.9
(Btu/hr-°F-sq ft) (W/m?-K)
Solar transmittance 0.0 0.0
Solar reflectance 0.5 0.5
Visible transmittance 0.0 0.0
Visible reflectance 0.5 0.5
Thermal emissivity 0.9 0.9
Thermal transmittance 0.0 0.0
Air gap (distance between slat and window glass) 15in 0.038 m

Several control strategies were considered for opening and closing the shades. These
control mechanisms were chosen based on a subset of the capabilities provided by
EnergyPlus. For the purpose of this report, only the two most energy efficient options are
presented — Active Control and Schedule Control. Active control proved to be the most
efficient strategy and was based on closing the shades during the day when the zone
load required cooling and at night when the outdoor temperature was below the heating
set point. The schedule control also proved to be effective and was based on the
schedule outlined in Table 4.10.

Table 4.10. Roller shade schedule.

Shutter
Day of Year Hours Position
Jan1—-May1 12:00 am — 6:00 am Closed
6:00 am — 10:00 pm Open
10:00 pm — 12:00 am Closed
May 1 — October 31 12:00 am — 8:00 am Open
8:00 am — 5:00 pm Closed
5:00 pm - 12:00 am Open
October 31 — December 31 12:00 am — 6:00 am Closed
6:00 am — 10:00 pm Open
10:00 pm — 12:00 am Closed

In addition to these shade control options, two building orientations were considered.
One orientation positions the building such that the windows face north and south, while
the other orientation rotates the building 90 degrees so that the windows face to the east
and west. The shutters were modeled on the south-facing windows in the first orientation
and on both the east and west facing windows in the second orientation.

The results for the roller shade simulations are shown in Figures 4.44 through 4.49. The
roller shades had the best performance in the warmer climates and had very little impact
in climate zones 3C — 8. The savings for the east-west orientation windows is about
twice that for the north-south orientation. This is because the east-west orientation
results in higher cooling energy and more opportunity for energy savings. The roller
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shades resulted in increased energy in most of the international locations because there
is no cooling energy in the barracks. However, the roller shades are very useful for these
buildings because they help keep the spaces from overheating. A more optimal control
strategy could be implemented that would not increase the heating energy and still keep
the spaces from overheating.
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Figure 4.44. Percent energy savings for external roller shades for a north-south
orientation.
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Figure 4.45. Annual energy savings for external roller shades for a north-south
orientation.
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Figure 4.46. Percent energy savings for external roller shades for an east-west orientation.
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Figure 4.47. Annual energy savings for external roller shades for an east-west orientation.
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orientation —international locations.

1.0

- 24
0.5

=
=
|

=
L
|

W Active Control

m Schedule Control

Annual Energy Savings (kBtu/ft2-y}]
Annual Energy Savings (kWh/m2-y)

N S ST .o R R B . B B WO SRR R« &
S R N M <R\ S (SN S 2
& & F & F TN SN KR E S
o & ¢ F & L G o~ QT N @
S & F & TR Ny v ®

Figure 4.49. Annual energy savings for external roller shades for a north-south orientation
— international locations.

4.3.8 Overhangs

The effect on whole building energy performance from retrofitting the building with
exterior overhangs above the south-facing windows was modeled in EnergyPlus using
simple shading devices which protrude orthogonally from the building facade by 1.6 ft
(0.5 m).

The results of the US locations are presented in Figures 4.50 through 4.52. There are
small energy savings in the hot climate zones 1, 2A, and 2B and small energy increases
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in the remaining climate zones because of the increase in heating energy was greater
than the cooling energy savings. European locations showed negative energy savings
with this retrofit, because of a general increase in heating energy and no cooling
savings, because the European locations are not air-conditioned. The decision to install
overhangs is often driven by the desire to control glare, which may override the impact
on energy performance. The performance of overhangs will depend on the glass
properties, most specifically the SHGC. The performance of each project should be
evaluated to understand the tradeoffs.
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Figure 4.50. Percent energy savings for overhangs.
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Figure 4.51. Annual energy savings for overhangs.
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Figure 4.52. Percent energy savings for overhangs — international locations.

4.3.9 Exterior vertical fins

The effect of retrofitting the building with exterior vertical fins around the windows was
modeled in a similar way as window overhangs. Shading devices protruding out 1.6 ft
(0.5 m) orthogonally around the left, right, and top sides of the east-, west-, and south-
facing windows were modeled using EnergyPlus.

The effects of exterior vertical fins are similar to exterior light shelves. The results of the
simulations are presented in Figures 4.53 through 4.55. There are small energy savings
in the hot climate zones 1, 2A, and 2B and small energy increases in the remaining
climate zones because of the increase in heating energy was greater than the cooling
energy savings. European locations showed negative energy savings with this retrofit,
because of a general increase in heating energy and no cooling savings, because the
European locations are not air-conditioned. The decision to install exterior fins and
overhangs is often driven by the desire to control glare, which override the impact on
energy performance. The performance of fins and overhangs will depend on the glass
properties, most specifically the SHGC. The performance on each project should be
evaluated to understand the performance.
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Figure 4.53. Percent energy savings for exterior vertical fins.

1.0
0.8

- 2.8

0.6 - - 1.8
0.4 -
0.2 -

- 0.8

-0.2

o o
2 o

Annual Energy Savings (kBtu/ft2-y)

0.0 - 02

=

=y

T

!
—
[t

P
(=]
'
(28]
=]

Annual Energy Savings (kWh/m?:y})

Figure 4.54. Annual energy for exterior vertical fins.
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Figure 4.55. Percent energy savings for exterior vertical fins — international locations.

4.3.10 Energy recovery ventilators

ERVs are used to transfer useful energy from the exhaust air stream to the incoming
outdoor air stream. A retrofit application of ERVs was modeled using three levels of
performance. The specifications of the ERV are selected to represent a desiccant wheel
type ERV, which has the capability to transfer moisture between the two air streams and
is sometimes called a total energy recovery system. The specific properties of each
device are shown in Table 4.11.

Table 4.11. ERV retrofit model parameters.

Sensible Latent Pressure Drop
ERV Name Effectiveness Effectiveness (in water)
ERV 60 0.6 0.5 0.70
ERV 70 0.7 0.6 0.86
ERV 80 0.8 0.7 1.00

A schematic of the retrofit system is shown in Figure 4.56. Each individual air handler in
the baseline building was retrofitted with an ERV across the outdoor air and relief air
streams of the outdoor air systems.

International locations were not simulated, because with the exception of Canada, they
lack an air system that this technology would apply to. Results for the Canadian

locations would be similar to US locations located in similar climate zones.

4-35



4-36

Energy Efficient Technologies & Measures for Building Renovation

> *| Outside . .
ERV Air > C%"c":‘g - H%a;'""‘g ——| Fan
«— Mixer
A
Zone -

Figure 4.56. Schematic of the energy recovery ventilator model (credit: Kyle Benne).

The results for the ERV simulations are shown in Figures 4.57 through 4.59. Energy
recovery devices are generally most effective in cold climates. The results below show
over 10% energy savings for most climates and over 20% energy savings in the cold-
humid climates. ERVs are especially effective for barracks because of the 24 hour
heating load. An ERV bypass was not modeled in this study, but would improve

performance in some climates by avoiding the fan energy penalty of the ERV when the
system is in economizer mode.
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Figure 4.57. Percent energy savings for ERVs.
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Figure 4.59. Annual energy cost savings for ERVs.

4.3.11 Indirect evaporative cooling

A retrofit with the addition of an indirect evaporative cooling (IDEC) system was
simulated as a preconditioner of the outdoor air before mixing at the outdoor air mixing
device. In this study, each packaged system had its own evaporative cooler. This
arrangement of adding an IDEC to each packaged DX system is probably not viable, but
the impact on the energy performance is similar to having a central system with and the
same IDEC arrangement.

The systems were modeled using the outside air and the return air as the secondary air
stream for the IDEC. The return-air strategy provided the best results, and these are the
only results included in this report. The IDEC was bypassed when in heating mode to

reduce the pressure drop on the fan. In order to maximize the benefit of the evaporative
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cooler, economizer controls where used to increase the outdoor air fraction under
favorable conditions; however, the economizer control strategy was not optimized and it
is believed that there are missed opportunities for economizing in some climates. Better
economizing logic is expected to further improve the benefit of this technology in
favorable locations. The model parameters are shown in Table 4.12 and a schematic of
the main HYAC components of the evaporative cooling retrofit is shown in Figure 4.60.

It is possible to use the IDEC as a heat exchanger for heat recovery when in heating
mode if return air is used as the secondary air stream. The energy savings for this
arrangement was approximated by estimating the gas energy savings from the ERV
simulations. It was assumed that the gas energy savings would be half of the gas energy
savings from the ERV 60 (60% effective) simulations.

Table 4.12. IDEC model parameters.

Primary Air Secondary
Pressure Air Pressure Fan
Wet Bulb Drop in w.g. Drop in w.g. Efficiency
Effectiveness (Pa) (Pa)
0.75 0.75 (187) 0.5 (125) 0.5
Evapora
tive
»| Cooler ™ Qutside : .
) Cooling Heating
Air > - > . » Fan ——»
/I\ . Caoil Caoil
- - Mixer
vy T

Figure 4.60. Schematic of the indirect evaporative cooling model (credit: Kyle Benne).

The results for the US locations for the IDEC and the IDEC + ERV are shown in Figures
4.61 through 4.63. The best climates for evaporative cooling are the hot and dry
locations. In particular, Phoenix, El Paso, and Albuquergue are good climates for
evaporative. International locations were not simulated, because with the exception of
Canada, they do not have air-conditioning in the barracks facility.

The estimated performance of the IDEC with energy recovery in heating mode is also
shown in the figures. The performance showed significant additional savings in the cold
climates; however, it only makes sense to combine the IDEC with an ERV in climates
that show good savings in cooling and heating energy.
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Figure 4.61. Percent energy savings for indirect evaporative cooling and indirect
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Figure 4.62. Annual energy savings for indirect evaporative cooling and indirect
evaporative cooling with energy recovery.
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Figure 4.63. Annual energy cost savings for indirect evaporative cooling.

4.3.12 Hybrid evaporative cooling

A retrofit of a hybrid evaporative cooling system was simulated to improve on the
strategy of indirect evaporative cooling. The hybrid system consists of an indirect
evaporative cooling component followed immediately by a direct evaporative cooling
component. Aside from the additional component, this hybrid system was configured and
controlled identically to the previous indirect evaporative cooling system. The direct
component was modeled using a wet bulb effectiveness of 0.90.

The same hot dry locations favorable for indirect evaporative cooling show potential with
the hybrid system, but adding the direct component boosts the overall performance of
the system significantly. High humidity is however, even more of a concern with a direct
evaporative cooling component, and it is not recommended in humid locations. The
European locations were not simulated because they do not have air-conditioning in the
barracks facility.
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Figure 4.64. Percent energy savings for hybrid evaporative cooling.
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Figure 4.65. Annual energy savings for hybrid evaporative cooling.

4.3.13 DOAS with fan-coil unit (FCU)

A DOAS in combination with a four-pipe FCU was simulated as a potential retrofit to the
barracks building. Only the US locations were simulated with this technology. The DOAS
consisted of central heating and cooling coils served by a gas-fired boiler and an air-
cooled chiller. The DOAS is a constant volume system that provides the minimum
ventilation air only during the office hours of operation. The supply-air temperature of the
DOAS is governed by an outside air reset. The DOAS provides minimal heating through
water coils supplied by a gas boiler and a small amount of cooling through a chilled
water coil supplied by an air-cooled chiller. A key component of the DOAS is an energy
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recovery device between the outdoor air and relief air streams. The water loops feeding
the DOAS are separate from the FCU system.

The results for this system are shown in Figures 4.66 through 4.68. Energy savings were
achieved in all climates with the most significant energy savings in cold climates
reflecting the benefit of the heat recovery. Energy savings in warm climates were modest
and attributed to slightly better cooling efficiency of the chiller relative to the DX cooling
system in the baseline. In all locations, there was an increase in electricity consumption
from increased fan energy because of the increased pressure drop and a decrease in
gas consumption because of the energy recovery component. The trade off of gas
savings and electricity increase results in moderate energy cost savings in most
locations and an energy cost increase in San Francisco. Improved performance could be
achieved with alternative system configurations and control strategies that minimizes the
fan energy and optimizes the delivery of the space conditioning supply air. Systems

design and operation for specific climates and applications are important for the best
performance.

Percent Energy Savings (%)

Figure 4.66. Percent energy savings for DOAS with FCU.
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Figure 4.67. Annual energy savings for DOAS with FCU.
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Figure 4.68. Annual energy cost savings for DOAS with FCU.

4.3.14 DOAS with radiant heating and cooling

A DOAS in combination with radiant heating and cooling was evaluated. The DOAS of
this retrofit was identical to the system model for the DOAS with FCU case. The radiant
system consisted of actively heated and cooled panels embedded into the ceiling. The
radiant panels are served by chilled water from a water-cooled chiller, and hot water
from a gas boiler. The radiant system is controlled by mean radiant temperature instead
of average space temperature as in the baseline system, which translates to a looser
space temperature requirement while maintaining similar or perhaps even better
comfort. The radiant system was controlled to turn off during cooling mode if the surface
temperature reached the space dew point temperature to avoid condensation.
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The results for this system are shown in Figures 4.69 through 4.75. Simulations show
significant energy savings in all US locations and mixed results for the non-US locations.
There are three driving factors for the observed energy savings of the radiant system
retrofit. One is that there is reduced fan energy for the DOAS system with radiant
heating and cooling as compared to the baseline system. Second, the ERV reduces
some of the load on the system especially in the colder climates. Finally, the mean
radiant temperature control of the radiant system allowed a wider variation in the dry
bulb temperature.
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Figure 4.69. Percent energy savings for DOAS with radiant heating and cooling.
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Figure 4.70. Annual energy savings for DOAS with radiant heating and cooling.
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Figure 4.72. Percent energy savings for DOAS with radiant heating and cooling —
international locations.
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Figure 4.74. Annual energy cost savings for DOAS with radiant heating and cooling —
Canadian locations.
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Figure 4.75. Annual energy cost savings for DOAS with radiant heating and cooling —
European locations.

4.3.15 Ground source heat pumps

Ground source heat pumps (GSHPs) were modeled as packaged single zone systems
served by a common ground water loop with an auxiliary fluid cooler and boiler in case
loop temperatures exceed allowed limits. In some regards, the packaged single zone
systems could be viewed as a step backwards from the multizone, central plant setup of
the US baseline. Certainly, a multizone GSHP system is realistic in practice and in
EnergyPlus; however, the NREL software tools that were used for this project are not
equipped to generate such models. The single zone GSHP used in this work is considered
adequate to gauge the potential value of a GSHP system, regardless of the air-handling
technology. The results presented in this section should be considered preliminary
estimates because the energy models for the ground loops and the connection to
EnergyPlus are the least understood and tested of all the energy models in this report.

GSHPs combine efficient vapor compression refrigeration systems with a relatively
constant heat source and heat sink temperature, which can provide superior
performance to the typical HYAC system of air-cooled DX and natural gas furnace.
However, pumping energy can be significant and should be considered carefully in the
design and operation of these systems. Vertical U-tube heat exchangers were
considered for this study with six bore-field sizes ranging from 25 bores (5 by 5) up to
130 bores (10 by 13). All bores were simulated to reach a depth of 250 feet. In addition,
a standard ground material composition was simulated for all locations. In reality, ground
composition can vary substantially depending on the location. The performance of the
bore fields were modeled with GLHEPRO 4.0 (OSU 2009) with the results supplied to
EnergyPlus for the building modeling.

The results are shown in Figures 4.76 and 4.77. The system produced significant energy
savings in all climates, especially the colder climates. The results are somewhat
surprising and should be taken as preliminary estimates. The bore-field size seemed to
have little impact on the savings relative to the change in size. Some of this is due to the
tradeoff between heating and cooling efficiency gains and the increased pumping
energy. However, it may be that the energy models are not fully capturing the heat
transfer with the ground loops.
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Figure 4.76. Percent energy savings for GSHPs.
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Figure 4.77. Annual energy savings for GSHPs.

4.3.16 Reheat using condenser waste heat

The baseline barracks facility used in this study consists of packaged single zone
systems that do not actively control humidity, which results in high humidity levels and
potential comfort problems. The benefit of retrofitting the barracks facility with DX
systems with humidity control using condenser waste heat-recovery system was
evaluated by first creating a new baseline with a system that used humidistats and
electric reheat. This revised baseline system uses more energy due to increased cooling
and reheat; however, buildings in humid climates were also much drier. International
locations were not simulated, because with the exception of Canada, they do not have
air-conditioning in the barracks facility.

The results are shown in Figure 4.78 and 4.79. There are significant savings in the
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warm-humid climate zones and almost no effect in the dry climate zones. There are

other technologies for humidity control such as desiccants, which should be evaluated to

determine the best solution for specific applications.
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Figure 4.78. Percent energy savings for reheat using condenser waste heat.
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Figure 4.79. Annual energy savings for reheat using condenser waste heat.
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Figure 4.80. Annual energy cost savings for reheat using condenser waste heat.

4.3.17 Grey Water Heat Recovery
4.4 Office Buildings

4.4.1 Increased Wall Insulation

This section presents the effects of retrofitting the exterior walls with additional

insulation. Insulation with an R-value of 3.85 ft*>-h-°F/Btu per inch (0.347 m*K/W per cm)
was added in increments of 1, 2, 4, 6, and 8 in (2.5, 5, 10, 15, and 20 cm). For this study
an additional baseline building was created with zero insulation in the walls. In addition,

it was assumed that adding wall insulation would improve the airtightness from the

baseline by 15%. One set of cases were run with the added insulation over the 901.1989

baseline and no change in the infiltration.

Table 4.13. Wall insulation ECM overview.

Additional Air Leakage

Insulation (cfm/f® @ (Lisim®* @
Wall Construction (ftz-hr-OF/Btu) 0.3inw.g.) 75 Pa)
Baseline (90.1-1989 insulation) - 1.00 5.1
No insulation - 1.00 5.1
1989 Baseline with 1 in (2.5 cm) insulation R-3.85 1.00 5.1
1989 Baseline with 2 in (5 cm) insulation R-7.7 1.00 5.1
1989 Baseline with 4 in (10 cm) insulation R-15.4 1.00 5.1
1989 Baseline with 6 in (15 cm) insulation R-23.1 1.00 5.1
1989 Baseline with 8 in (20 cm) insulation R-30.8 1.00 5.1
1989 Baseline with 1 in (2.5 cm) insulation R-3.85 0.85 4.3
1989 Baseline with 2 in (5 cm) insulation R-7.7 0.85 4.3
1989 Baseline with 4 in (10 cm) insulation R-15.4 0.85 4.3
1989 Baseline with 6 in (15 cm) insulation R-23.1 0.85 4.3
1989 Baseline with 8 in (20 cm) insulation R-30.8 0.85 4.3
Zero Baseline with 1 in (2.5 cm) insulation R-3.85 0.85 4.3
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Zero Baseline with 2 in (5 cm) insulation R-7.7 0.85 4.3
Zero Baseline with 4 in (10 cm) insulation R-15.4 0.85 4.3
Zero Baseline with 6 in (15 cm) insulation R-23.1 0.85 4.3
Zero Baseline with 8 in (20 cm) insulation R-30.8 0.85 4.3

The results of the simulations are shown in Figures 4.81 through 4.94. The percent
energy savings and the area normalized energy and energy cost savings are shown for
all locations and compared to the standard baseline insulation case and the no-
insulation case. Most of the energy savings is achieved with the first one inch (2.5 cm) of
insulation; however, significant savings are achieved with additional insulation. The
overall energy savings for the U.S. locations above the 90.1-1989 baseline ranges from
5% to 20%, and the overall energy savings above the no-insulation baseline varies from
10% to 40%. For the international locations, the overall energy savings compared to the
no-insulation baseline varies between 1% and 25%. Insulation in the Italy locations

showed very little energy savings.
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Figure 4.81. Percent energy savings for wall insulation and reduced infiltration over

Standard 90.1-1989 baseline.
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Figure 4.82. Energy savings for wall insulation and reduced infiltration over Standard
90.1-1989 baseline.
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Figure 4.83. Energy cost savings for wall insulation and reduced infiltration over Standard
90.1-1989 baseline.
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Figure 4.84. Percent energy savings for wall insulation and reduced infiltration over the
no-insulation baseline.
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Figure 4.85. Energy savings for wall insulation and reduced infiltration over the no-
insulation baseline.
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Figure 4.86. Energy cost savings for wall insulation and reduced infiltration over the no-
insulation baseline.
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Figure 4.87. Percent energy savings for wall insulation and reduced infiltration over the
standard baseline — international locations.
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Figure 4.89. Energy cost savings for wall insulation and reduced infiltration over Standard

90.1-1989 baseline — Canadian locations.
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Figure 4.90. Energy cost savings for wall insulation and reduced infiltration over the
standard baseline — European locations.
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Figure 4.91. Percent energy savings for wall insulation and reduced infiltration over the
no-insulation baseline — International locations.
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Figure 4.93. Energy cost savings for wall insulation and reduced infiltration over the no-
insulation baseline — Canadian locations.

4-57



4-58

Energy Efficient Technologies & Measures for Building Renovation

€10.00
€9.00
€8.00
€£7.00
€6.00
€5.00
€4.00
€3.00
€2.00
€1.00
€0.00 -

HBasePlus 2.5 cm
mBasePlus 5 cm
BasePlus 10 cm
EBasePlus 15 cm
mBasePlus 20 cm

Energy Cost Savings (eura/m?2-yr}

Figure 4.94. Energy cost savings for wall insulation and reduced infiltration over the no-
insulation baseline — European locations.

4.4.2 Increased roof insulation

The baseline building has insulation at the attic floor level. This section presents the
results of replacing this insulation with insulation at the roof level. It was assumed that
insulating the roof also improved the air leakage in the attic and the building. Table 4.14
summarizes the cases included in this report.

Table 4.14. Roof insulation ECM overview.

Added Attic
Roof Building AL Infiltration

Insulation cfm/ft? @ 0.3in w.g. Rate

Case (R-value) (L/s-m” @ 75 Pa) (ACH)
Baseline 000 — 1.00 (5.08) 1.0
Roof 001.2 10 0.85 (4.32) 0.25
Roof 002.2 20 0.85 (4.32) 0.25
Roof 003.2 30 0.85 (4.32) 0.25
Roof 004.2 40 0.85 (4.32) 0.25
Roof 005.2 50 0.85 (4.32) 0.25

The results for the roof insulation cases are shown in Figures 4.95 through 4.101. The
savings for the U.S. locations vary from near zero in Miami to over 6% in Duluth;
however, there is almost no change in saving with increasing insulation levels. The
results for the international locations show less than 1% savings in all locations except
Stuttgart, Helsinki, Tampere, and London. These locations show energy savings
between 4% and 7%. Some of the locations show negative savings due to increased
cooling energy.
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Figure 4.96. Annual energy savings for increased roof insulation.
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Figure 4.97. Annual energy cost savings for increased roof insulation.
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Figure 4.98. Percent energy savings for increased roof insulation — International locations.
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Figure 4.99. Annual energy savings for increased roof insulation — International locations.

50.05

-50.10

-50.15 -

Energy Cost Savings [$/m2-yr]

-50.20

-50.25
Edmonton Ottawa Vancouver

Figure 4.100. Annual energy cost savings for increased roof insulation — Canadian
locations.
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Figure 4.101. Annual energy cost savings for increased roof insulation — European

locations.

4.4.3 Attic insulation

The performance of increased insulation at the attic level (i.e. floor of the attic) was
simulated for the administration building model. The attic insulation retrofit scenarios
considered are described in Table 4.15.

Table 4.15. Attic insulation ECM overview.

Added Attic
Ceiling Building AL Infiltration
Insulation | cfm/ft® @ 0.3in w.g. Rate
Case Baseline | (R-value) (Lis-m* @ 75 Pa) (ACH)
Baseline 000 1989 - 1.00 (5.08) 1.0
Baseline 100 1960 - 1.00 (5.08) 1.0
Roof 021 000 10 1.00 (5.08) 1.0
Roof 022 000 20 1.00 (5.08) 1.0
Roof 023 000 30 1.00 (5.08) 1.0
Roof 024 000 40 1.00 (5.08) 1.0
Roof 025 000 50 1.00 (5.08) 1.0
Roof 021.2 000 10 0.85 (4.32) 1.0
Roof 022.2 000 20 0.85 (4.32) 1.0
Roof 023.2 000 30 0.85 (4.32) 1.0
Roof 024.2 000 40 0.85 (4.32) 1.0
Roof 025.2 000 50 0.85 (4.32) 1.0

The results for the increased attic insulation are shown in Figures 4.102 through 4.108.
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Figure 4.103. Annual energy savings for attic insulation increased above the baseline.
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Figure 4.104. Annual energy cost savings for attic insulation increased above the
baseline.
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Figure 4.105. Percent energy savings for attic insulation increased above the baseline —
International locations.
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Figure 4.106. Annual energy savings for attic insulation increased above the baseline —
International locations.
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Figure 4.107. Annual energy cost savings for attic insulation increased above the baseline
— Canadian locations.
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Figure 4.108. Annual energy cost savings for attic insulation increased above the baseline
— European locations.

4.4.4 Cool roofs

It was assumed that the baseline building has a brown colored pitched roof with a solar
reflectance of p = 0.08. Two alternative roofing materials with higher solar reflectance
values were modeled. A thermal reflective brown roof with a solar reflectance of p = 0.27
was modeled as a medium reflectance case, and a white roof with a solar reflectance
value of p = 0.65 was modeled to represent a highly reflective roof. These cases are
shown in Table 4.16.

The energy simulations did not account for the potential impacts of temperature changes
in the attic on the HVAC systems. It was assumed that there were no ducts or system
components in the attic.

Thermostatically controlled mechanical venting of the attic was also modeled for the
three roof types to see how this would impact the energy use. The mechanical venting
was modeled to provide 3 ACH when the attic temperature exceeded 90°F (32°C). The
ventilated attic had the most impact on the baseline building, but almost no change to
the overall energy use in the white roof case. The results from these simulations are not
included in this report.

Table 4.16. Cool roof ECM overview.

Roof Solar Mechanical
Case Description Reflectance Venting
Baseline | Standard brown 0.08 No
Case 1l Cool brown 0.27 No
Case 2 Cool white 0.65 No

The results for the cool roof simulations are shown in Figures 4.109 through 4.115. For
the U.S., the savings are larger for the warmer climates and the two marine climates,
and there is a slight increase in energy use in the two coldest climates. The energy cost
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savings are small, but positive in all locations. The energy savings results for the
Canadian and European locations are similar to the U.S. All of the locations show some
energy savings except for Edmonton and Ottawa, which show higher energy use with
the cool roof. All of the locations except for Stuttgart, Helsinki and Tampere show energy

cost savings.
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Figure 4.109. Percent energy savings for cool roof.
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Figure 4.110. Annual energy savings for cool roof.
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Figure 4.111. Annual energy cost savings for cool roof.
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Figure 4.112. Percent energy savings for cool roof — International locations.
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Figure 4.114. Annual energy cost savings for cool roof — Canadian locations.
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Figure 4.115. Annual energy cost savings for cool roof — European locations.

4.4.5 Building airtightness

The effects of retrofitting the administration facility with a tighter envelope were
evaluated with two levels of improvement over the baseline. Envelope leakage rates
were assumed for the baseline and the two improved cases loosely based on blower
door results from real buildings. The leakage rates and corresponding air changes per
hour used for modeling are shown in Table 4.17. The method used to derive air change
rates from envelope leakage rates is described in Section 4.

Table 4.17. Building airtightness ECM overview.

Leakage Rate at 0.3 in Leakage Rate at ACH
w.g. (75 Pa) cfm/ft® 0.016 in w.g. (4 Pa) at 0.016 in w.g.

Source (L/s/m?) cfm/ft? (L/s/m?) (4 Pa)
Baseline 1.0 (5.07) 0.15 (0.65) 0.97
Typical practice for 0.50 (2.54) 0.074 (0.33) 0.48
air sealing retrofit
Good practice for air 0.25 (1.27) 0.037 (0.16) 0.24
sealing retrofit

The results for the improved airtightness simulations are shown in Figures 4.116 through
4.122. The energy savings can be significant especially in the colder climates. For cold
climates this is the highest energy savings ECM for leaky buildings. For the warm-humid
climates it is also an important measure to reduce humidity problems, which was not a
focus of this modeling effort. There is very little energy savings for the mild climates, and
Vancouver is the only climate that had a negative energy cost savings.
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Figure 4.117. Annual energy savings for improved airtightness.
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Figure 4.118. Annual energy cost savings for improved airtightness.
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Figure 4.119. Percent energy savings for improved airtightness — International locations.
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Figure 4.120. Annual energy savings for improved airtightness — International locations.
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Figure 4.121. Annual energy cost savings for improved airtightness — Canadian locations.
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Figure 4.122. Annual energy cost savings for improved airtightness — European locations.

4.4.6 Advanced windows

The set of advanced window options evaluated are shown in Table 4.18. Exact models
of the recommended windows are not readily available in the NREL database; therefore,
a set of suitable alternative models were used. The properties of the six replacement
windows as they are modeled are given by Table 4.19. Included in the tables are the
estimated costs per square foot of glazing and the airtightness of the building after the
retrofit. In this analysis the airtightness is assumed to be unchanged by the replacement

windows.

Table 4.18. Thermal properties of retrofit windows.

U-Factor

Btu/ft*hr-* Incremental
Glazing Type Frame Type F (W/m*K) | SHGC | VT | Cost ($/ft?)
2-pane, uncoated glass Aluminum, thermal break 0.60 (3.4) 0.60 | 0.63 | Baseline cost
2-pane, tinted Aluminum, thermal break 0.60 (3.4) 0.42 | 0.38 $0.50
2-pane, reflective coating Aluminum, thermal break 0.54 (3.1) 0.17 | 0.10 $1.25
2-pane, low-E, tinted Aluminum, thermal break 0.46 (2.6) 0.27 | 0.43 $1.75
2-pane, low-E Aluminum, thermal break 0.46 (2.6) 0.34 | 0.57 $1.50
3-pane, low-E Insulated 0.20 (1.1) 0.22 | 0.37 $9.00
3-pane, high-SHGC, low-E | Non-metal 0.27 (1.5) 0.38 | 0.47 $15.50
-pane, high-SHGC, low-E Non-metal, insulated 0.18 (1.0) 0.40 | 0.50 $19.67




Table 4.19. Thermal properties of modeled windows.

Energy Conservation Measures

Fenestration, Overall Building AL
Cost U-Value at 0.3 in w.g. cfm/ft
window $/ft> ($/m?) Btu/h-oF-ft* (W/m*K) | SHGC (L/s-m? at 75 Pa)
| 22.00 (236.81) 0.56 (3.19) 0.61 1.00 (5.08)
I 22.50 (242.2) 0.55 (3.12) 0.50 1.00 (5.08)
A 23.25 (250.27) 0.51 (2.88) 0.22 1.00 (5.08)
B 23.75 (255.65) 0.44 (2.48) 0.30 1.00 (5.08)
C 23.50 (252.96) 0.45 (2.53) 0.35 1.00 (5.08)
D 31.00 (333.69) 0.21 (1.20) 0.19 1.00 (5.08)
E 37.5 (403.61) 0.26 (1.48) 0.37 1.00 (5.08)
F 41.67 (448.49) 0.17 (0.97) 0.47 1.00 (5.08)

The results for the window simulations are shown in Figures 4.123 through 4.129. The
performance of the windows is a combination of the U-value and the SHGC. Daylighting
was not modeled in this building and therefore the visual transmittance is not a factor in

the energy performance. All of the windows show energy savings in the warmer
climates. In the colder climates, the baseline window is better than the first three

windows. Lower U-values provide energy savings in all climates. In the hot climates
(climate zones 1-3), the lower SHGC windows perform better, and the opposite is true of

the colder climate zones (4-8). The baseline windows for the international locations
varied from country to country and had a large impact on the savings. The largest
energy savings are in Italy, France, and Finland.
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Figure 4.123. Percent energy savings for advanced windows.
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Figure 4.124. Annual energy savings for advanced windows.
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Figure 4.125. Annual energy cost savings for advanced windows.
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Figure 4.126. Percent energy savings for advanced windows — International locations.
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Figure 4.127. Annual energy savings for advanced windows — International locations.
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Figure 4.128. Annual energy cost savings for advanced windows — Canadian locations.
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Figure 4.129. Annual energy cost savings for advanced windows — International locations.

4.4.7 Overhangs

The effect on whole building energy performance from retrofitting the building with
exterior overhangs above the south-facing windows was modeled in EnergyPlus using
simple shading devices which protrude orthogonally from the building facade by 1.6 ft
(0.5 m).

In general, overhangs showed small savings for the U.S. locations and slightly higher
savings for the international locations. This outcome is attributed to the generally lower
SHGC found in the windows in the U.S. buildings, which makes them less vulnerable to
solar heat gains. Other benefits to overhangs such as glare control and thermal comfort
improvement on south windows were not analyzed in this study.
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Figure 4.131. Annual energy savings for overhangs.
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Figure 4.136. Annual energy cost savings for overhangs — European locations.

4.4.8 Exterior vertical fins

The effect of retrofitting the building with exterior vertical fins around the windows was
modeled in a similar way as window overhangs. Shading devices protruding out 1.6 ft
(0.5 m) orthogonally around the left, right, and top sides of the east-, west-, and south-
facing windows were modeled using EnergyPlus.

Similar to the windows overhangs, the vertical fins were found to have only marginal
effect on the U.S. locations. Seattle was an outlier, showing about 6% energy savings. In
general, vertical fins were found to offer a greater advantage in the international
locations. This was attributed to the higher SHGC in the baseline international buildings.
Vertical fins are typically added to a building to control direct beam radiation and not for
direct energy savings.
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Figure 4.137. Percent energy savings for exterior vertical fins.
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Figure 4.138. Annual energy savings for exterior vertical fins.
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Figure 4.140. Percent energy savings for exterior vertical fins — International locations.
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Figure 4.141. Annual energy savings for exterior vertical fins — International locations.
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Figure 4.142. Annual energy cost savings for exterior vertical fins — Canadian locations.
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Figure 4.143. Annual energy cost savings for exterior vertical fins — European locations.

4.4.9 Energy recovery ventilators

ERVs are used to transfer useful energy from the exhaust air stream of a building’s air
handler to the incoming outdoor air stream. A retrofit application of ERVs was modeled
using three levels of performance. The specifications of the ERV are selected to
represent a desiccant wheel type ERV, which has the capability to transfer moisture
between the two air streams and is sometimes called a total energy recovery system.
The specific properties of each are shown in Table 4.20.
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Table 4.20. ERV retrofit model parameters.

Sensible Latent Pressure Drop
ERV Name Effectiveness Effectiveness (in water)
ERV 60 0.6 0.5 0.70
ERV 70 0.7 0.6 0.86
ERV 80 0.8 0.7 1.00

A schematic of the retrofit system is shown in Figure 4.144. Each individual air handler in
the baseline building was retrofitted with an ERV across the outdoor air and relief air
streams of the outdoor air systems. In the US locations the air handlers serve multiple
zones whereas the international buildings contain packaged single zone systems.
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cay O“ﬁde Cooling Heating Fan
" Coil Coil
P . IXer
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Figure 4.144. Schematic of the energy recovery ventilator model (credit: Kyle Benne).

The results for the ERV simulations are shown in Figure 4.145 through Figure 4.151.
Energy recovery devices are generally most effective in cold climates. The results below
show over 10% energy savings in the cold-humid climates. Buildings in a few climates
can actually be penalized for the use of an ERV. These are climates that have large

opportunities for economizing, and any small savings due to energy recovery is offset by
an increase in fan energy due to the added pressure drop of the device. An ERV bypass
was not modeled in this study, but would improve performance by avoiding the fan
energy penalty of the ERV when the system is in economizer mode.
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Figure 4.146. Annual energy savings for ERVSs.
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Figure 4.148. Percent energy savings for ERVs — International locations.
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Figure 4.149. Annual energy savings for ERVs — International locations.
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Figure 4.150. Annual energy cost savings for ERVs — Canadian locations.
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Figure 4.151. Annual energy cost savings for ERVs — European locations.

4.4.10 Indirect evaporative cooling

A retrofit with the addition of an indirect evaporative cooling (IDEC) system was
simulated as a preconditioner to the outdoor air before mixing at the outdoor air mixing
device. In this study, each air handler had its own evaporative cooler, although other
configurations are certainly possible, such as a DOAS serving multiple zones. The
systems were modeled using the outside air and the return air as the secondary air
stream for the IDEC. The return-air strategy provided the best results, and these are the
only results included in this report. The IDEC was bypassed when in heating mode to
reduce the pressure drop on the fan. In order to maximize the benefit of the evaporative
cooler, economizer controls where used to increase the outdoor air fraction under
favorable conditions; however, the economizer control strategy was not optimized and it
is believed that there are missed opportunities for economizing in some climates. Better
economizing logic is expected to further improve the benefit of this technology in
favorable locations. The model parameters are shown in Table 4.21 and a schematic of
the main HVAC components of the evaporative cooling retrofit is shown in Figure 4.152.

It is possible to use the IDEC as a heat exchanger for heat recovery when in heating
mode if return air is used as the secondary air stream. The energy savings for this
arrangement was approximated by estimating the gas energy savings from the ERV
simulations. It was assumed that the gas energy savings would be half of the gas energy
savings from the ERV 60 (60% effective).

Table 4.21. IDEC model parameters.

Primary Air Secondary
Pressure Air Pressure Fan
Wet Bulb Drop in w.g. Drop in w.g. Efficiency
Effectiveness (Pa) (Pa)
0.75 0.75 (187) 0.5 (125) 0.5
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Figure 4.152. Schematic of the indirect evaporative cooling model (credit: Kyle Benne).

A

The results of the IDEC simulations are shown in Figures 4.153 through 4.159. The
IDEC was found to offer energy savings in all climates except for Palermo lItaly, and
significant energy savings were achieved in the hot dry climates. The estimated
performance of IDEC plus heat recovery in heating mode is also shown in these figures.
The energy savings are favorable for the cold climates. Additional savings may be
achievable with a system design specifically for this application. These results should be
viewed as preliminary estimates and actual savings for specific projects may vary
considerably depending on the building loads, systems, and application of the
technology.
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Figure 4.153. Percent energy savings for indirect evaporative cooling and indirect
evaporative cooling with heat recovery.
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Figure 4.154. Annual energy savings for indirect evaporative cooling and indirect
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Figure 4.155. Annual energy cost savings for indirect evaporative cooling.
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Figure 4.156. Percent energy savings for indirect evaporative cooling and indirect
evaporative cooling with heat recovery — International locations.
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Figure 4.157. Annual energy savings for indirect evaporative cooling and indirect
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Figure 4.159. Annual energy cost savings for indirect evaporative cooling — International
locations.

4.4.11 Hybrid evaporative cooling

A retrofit of a hybrid evaporative cooling system was simulated to understand the
performance of a combined indirect and direct evaporative cooling system. The hybrid
system consists of an indirect evaporative cooling component followed immediately by a
direct evaporative cooling component. Aside from the additional component, this hybrid
system was configured and controlled identically to the previous indirect evaporative
cooling system. The direct component was modeled using a wet bulb effectiveness of
0.90.
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The results for the hybrid evaporative cooling systems are shown in Figures 4.160
through 4.166. The same hot dry locations favorable for indirect evaporative cooling
show potential with the hybrid system, but adding the direct component boosts the
overall performance of the system by a few percent. However, high humidity is even
more of a concern with direct evaporative cooling, and the direct evaporative section
should be turned off when high humidity is of concern. The direct evaporative
component may not be appropriate in humid locations.
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Figure 4.160. Percent energy savings for hybrid evaporative cooling.
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Figure 4.161. Annual energy savings for hybrid evaporative cooling.
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Figure 4.163. Percent energy savings for hybrid evaporative cooling — International
locations.
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Figure 4.164. Annual energy savings for hybrid evaporative cooling — International
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Figure 4.166. Annual energy cost savings for hybrid evaporative cooling — International
locations.

4.4.12 DOAS with FCU

A DOAS in combination with a four-pipe FCU was simulated as a potential retrofit to the
administration building. Only the U.S. locations were simulated with this technology. The
DOAS consisted of central heating and cooling coils served by a gas-fired boiler and an
air-cooled chiller. The DOAS is a constant volume system that provides the minimum
ventilation air only during the office hours of operation. The DOAS does not provide
economizer operation because of the constant speed fan and constant air flow rate. The
supply-air temperature of the DOAS is governed by an outside air reset, which varied
slightly with climate. The DOAS provides minimal heating through water coils supplied
by a gas boiler and a small amount of cooling through a chilled water coil supplied by an
air-cooled chiller. A key component of the DOAS is an energy recovery device between
the outdoor air and relief air streams. The water loops feeding the DOAS are separate
from the FCU system.

The results for this system are shown in Figures 4.167 through 4.169. The most
significant energy savings were achieved in cold climates reflecting the benefit of the
heat recovery. Energy savings in warm climates were modest and attributed to slightly
better cooling efficiency of the chiller relative to the DX cooling system in the baseline. In
all locations, there was an increase in electricity consumption from increased fan energy
because of the increased pressure drop and a decrease in gas consumption because of
the energy recovery component. The trade off of gas savings and electricity increase
results in moderate energy cost savings in some locations and energy cost increases in
other locations. Improved performance could be achieved with alternative system
configurations and control strategies that minimizes the fan energy and optimizes the
delivery of the space conditioning supply air. Systems design and operation for specific
climates and applications are important for the best performance.
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Figure 4.169. Annual energy cost savings for DOAS with FCU.

4.4.13 DOAS with radiant heating and cooling

A DOAS in combination with radiant heating and cooling was evaluated. The DOAS of
this retrofit was identical to the system model for the DOAS with FCU case. The radiant
system consisted of actively heated and cooled panels embedded into the ceiling. The
radiant panels are served by chilled water from a water-cooled chiller, and hot water
from a gas boiler. The radiant system is controlled by mean radiant temperature instead
of average space temperature as in the baseline system, which translates to a looser
space temperature requirement while maintaining similar or perhaps even better
comfort. The radiant system was controlled to turn off during cooling mode if the surface
temperature reached the space dew point temperature to avoid condensation.

The results for this system are shown in Figures 4.170 through 4.183. Simulations show
moderate energy savings in most U.S. climates, significant savings in the very cold
climates, and increased energy consumption in three climates. The increased energy
consumption is partially due to economizer operation as explained below and probably
also due to a non-optimal control strategy for these climates. The results for the non-U.S.
locations show significant energy savings in most climates. There are two driving factors
for the observed energy savings of the radiant system retrofit. One is that there is reduced
fan energy for the DOAS system with radiant heating and cooling as compared to the
baseline system. Second, the mean radiant temperature control of the radiant system
allowed a wider variation in the dry bulb temperature. Improved performance is possible
with optimal system design and control for specific building designs and locations.

One drawback of the DOAS and radiant system as it was modeled is related to
economizing. The baseline VAV system has an air-side economizer; however, the
retrofit DOAS with a constant speed fan does not economize. The retrofit therefore
shows greatly reduced performance in good economizing climates, a drawback that
could be at least partly avoided by implementing a water side economizer to take full
advantage of the higher chilled water temperature requirements of the radiant system
compared to the baseline VAV system. This analysis did not attempt to implement a
water side economizer; however, buildings being designed in good economizing



climates should consider one, if implementing a radiant system.
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Figure 4.171. Annual energy savings for radiant system.
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Figure 4.172. Annual energy cost savings for radiant system.
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Figure 4.173. Percent energy savings for radiant system — International locations.
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Figure 4.176. Annual energy cost savings for radiant system — International locations.

4.4.14 Ground source heat pumps
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Figure 4.177. Percent energy savings for GSHPs.
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Figure 4.178. Annual energy savings for GSHPs.
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Figure 4.179. Annual energy cost savings for GSHPs.
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Figure 4.181. Annual energy savings for GSHPs — International locations.
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Figure 4.183. Annual energy cost savings for GSHPs — European locations.

4.4.15 Reheat using condenser waste heat

Cooling system condenser waste heat recovery was evaluated for both the U.S.
locations and the international locations. Different approaches were taken for the U.S.
and international locations because the systems types are different.

The U.S. administrative building has multizone air handlers served by central heating
and cooling plants. The central air handlers cool or heat to a seasonal deck temperature
and reheat at the zone terminals if necessary to trim to the individual zone loads. This
retrofit provides waste heat from the chiller to the hot water plant serving the heating
coils as required. Modeling this technology directly in EnergyPlus is possible; however,
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developing the model and control strategy is particularly cumbersome. To avoid this
burden, the effect of the proposed retrofit was analyzed using a post processing
technique. Hourly data of the chiller waste heat, and boiler energy consumption were
reported by the baseline EnergyPlus simulation. The effect of heat recovery was
guantified by subtracting available condenser waste heat from the boiler energy
consumption at a single time step, and then integrating over time.

The existing international administrative facility consists of packaged single zone
systems that do not actively control humidity and never use reheat. In this study, the
benefit of retrofitting the building with a condenser waste heat-recovery system was
evaluated by first creating a new baseline point of comparison with a system that used
humidistats and conventional reheat. The new systems use more energy due to
increased cooling and reheat; however, buildings in humid climates were also much
drier. By introducing a new baseline, there is a fair comparison for the condenser waste
heat-recovery system.

The results for this system are shown in Figures 4.184 through 4.190. The simulations
show small energy savings in all U.S. climates.
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Figure 4.184. Percent energy savings for condenser waste heat recovery.
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Figure 4.185. Annual energy savings for condenser waste heat recovery.
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Figure 4.186. Annual energy cost savings for condenser waste heat recovery.
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Figure 4.187. Percent energy savings for condenser waste heat recovery — International
locations.
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Figure 4.188. Annual energy savings for condenser waste heat recovery — International
locations.
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Figure 4.190. Annual energy cost savings for condenser waste heat recovery — European
locations.

4.5 Increased Wall Insulation

This section presents the effects of retrofitting the exterior walls with additional
insulation. Insulation with an R-value of 3.85 ft*>-h-°F/Btu per inch (0.347 m*K/W per cm)
was added in increments of 1, 2, 4, 6, and 8 in (2.5, 5, 10, 15, and 20 cm). For this study
an additional baseline building was created with zero insulation in the walls. In addition,
it was assumed that adding wall insulation would improve the airtightness from the
baseline by 15%. One set of cases were run with the added insulation over the 901.1989
baseline and no change in the infiltration.
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Table 4.22. Wall insulation ECM overview.

Additional Air Leakage
Insulation (cfm/ft® @ (L/sim® @
Wall Construction (ft>-hr-°F/Btu) | 0.3inw.g.) 75 Pa)
Baseline (90.1-1989 insulation) - 1.00 5.1
No insulation - 1.00 5.1
1989 Baseline with 1 in (2.5 cm) insulation R-3.85 1.00 5.1
1989 Baseline with 2 in (5 cm) insulation R-7.7 1.00 5.1
1989 Baseline with 4 in (10 cm) insulation R-15.4 1.00 5.1
1989 Baseline with 6 in (15 cm) insulation R-23.1 1.00 5.1
1989 Baseline with 8 in (20 cm) insulation R-30.8 1.00 5.1
1989 Baseline with 1 in (2.5 cm) insulation R-3.85 0.85 4.3
1989 Baseline with 2 in (5 cm) insulation R-7.7 0.85 4.3
1989 Baseline with 4 in (10 cm) insulation R-15.4 0.85 4.3
1989 Baseline with 6 in (15 cm) insulation R-23.1 0.85 4.3
1989 Baseline with 8 in (20 cm) insulation R-30.8 0.85 4.3
Zero Baseline with 1 in (2.5 cm) insulation R-3.85 0.85 4.3
Zero Baseline with 2 in (5 cm) insulation R-7.7 0.85 4.3
Zero Baseline with 4 in (10 cm) insulation R-15.4 0.85 4.3
Zero Baseline with 6 in (15 cm) insulation R-23.1 0.85 4.3
Zero Baseline with 8 in (20 cm) insulation R-30.8 0.85 4.3

The results of the simulations are shown in Figures 4.191 through 4.204. The percent
energy savings and the area normalized energy and energy cost savings are shown for
all locations and compared to the standard baseline insulation case and the no-
insulation case. Most of the energy savings is achieved with the first one inch (2.5 cm) of
insulation; however, significant savings are achieved with additional insulation. The
overall energy savings for the U.S. locations above the 90.1-1989 baseline ranges from
5% to 20%, and the overall energy savings above the no-insulation baseline varies from
10% to 40%. For the international locations, the overall energy savings compared to the
no-insulation baseline varies between 1% and 25%. Insulation in the Italy locations
showed very little energy savings.
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Figure 4.193. Energy cost savings for wall insulation and reduced infiltration over
Standard 90.1-1989 baseline.
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Figure 4.194. Percent energy savings for wall insulation and reduced infiltration over the
no-insulation baseline.
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Figure 4.196. Energy cost savings for wall insulation and reduced infiltration over the no-

insulation baseline.



4-116 Energy Efficient Technologies & Measures for Building Renovation

16

B e
Bt =

(=Y
=

=0

Percent Energy Savings (%)
s o

Pt

& & & & & &
«P&é\ T ‘*‘é’ ‘*"'Q N é:b@ 'E'
0

[=]

mBasePlus 2.5om -~
W BasePlus 5 om

w Base Plus 10 om
mBasePlus 15 am

W Base Plus 20 cm

e

R

Figure 4.197. Percent energy savings for wall insulation and reduced infiltration over the

standard baseline — international locations.
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Figure 4.198. Energy savings for wall insulation and reduced infiltration over the standard

baseline — international locations.
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Figure 4.199. Energy cost savings for wall insulation and reduced infiltration over
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Figure 4.200. Energy cost savings for wall insulation and reduced infiltration over the
standard baseline — European locations.
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Figure 4.202. Energy savings for wall insulation and reduced infiltration over the no-

insulation baseline — international locations.
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Figure 4.203. Energy cost savings for wall insulation and reduced infiltration over the no-
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4.6 Increased Roof Insulation

The baseline building has insulation at the attic floor level. This section presents the
results of replacing this insulation with insulation at the roof level. It was assumed that
insulating the roof also improved the air leakage in the attic and the building. Table 4.23
summarizes the cases included in this report.

Table 4.23. Roof insulation ECM overview.

Added
Roof Building AL Attic
Insulation cfm/ft’ @ 0.3 in w.g. Infiltration
Case (R-value) (L/s-m* @ 75 Pa) Rate (ACH)
Baseline 000 - 1.00 (5.08) 1.0
Roof 001.2 10 0.85 (4.32) 0.25
Roof 002.2 20 0.85 (4.32) 0.25
Roof 003.2 30 0.85 (4.32) 0.25
Roof 004.2 40 0.85 (4.32) 0.25
Roof 005.2 50 0.85 (4.32) 0.25

The results for the roof insulation cases are shown in Figures 4.205 through 4.211. The
savings for the U.S. locations vary from near zero in Miami to over 6% in Duluth;
however, there is almost no change in saving with increasing insulation levels. The
results for the international locations show less than 1% savings in all locations except
Stuttgart, Helsinki, Tampere, and London. These locations show energy savings
between 4% and 7%. Some of the locations show negative savings due to increased
cooling energy.
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Figure 4.205. Percent energy savings for increased roof insulation.
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Figure 4.207. Annual energy cost savings for increased roof insulation.
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Figure 4.208. Percent energy savings for increased roof insulation — International
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Figure 4.209. Annual energy savings for increased roof insulation — International
locations.
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Figure 4.210. Annual energy cost savings for increased roof insulation — Canadian
locations.
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Figure 4.211. Annual energy cost savings for increased roof insulation — European
locations.

4.7 Attic Insulation

The performance of increased insulation at the attic level (i.e. floor of the attic) was
simulated for the administration building model. The attic insulation retrofit scenarios
considered are described in Table 4.24.
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Table 4.24. Attic insulation ECM overview.

Added Attic
Ceiling Building AL Infiltration
Insulation | cfm/ft> @ 0.31in w.g. Rate
Case Baseline | (R-value) (L/s-m* @ 75 Pa) (ACH)
Baseline 000 1989 - 1.00 (5.08) 1.0
Baseline 100 1960 - 1.00 (5.08) 1.0
Roof 021 000 10 1.00 (5.08) 1.0
Roof 022 000 20 1.00 (5.08) 1.0
Roof 023 000 30 1.00 (5.08) 1.0
Roof 024 000 40 1.00 (5.08) 1.0
Roof 025 000 50 1.00 (5.08) 1.0
Roof 021.2 000 10 0.85 (4.32) 1.0
Roof 022.2 000 20 0.85 (4.32) 1.0
Roof 023.2 000 30 0.85 (4.32) 1.0
Roof 024.2 000 40 0.85 (4.32) 1.0
Roof 025.2 000 50 0.85 (4.32) 1.0

The results for the increased attic insulation are shown in Figures 4.212 through 4.218.
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Figure 4.212. Percent energy savings for attic insulation increased above the baseline.
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Figure 4.213. Annual energy savings for attic insulation increased above the baseline.
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Figure 4.215. Percent energy savings for attic insulation increased above the baseline —
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Figure 4.217. Annual energy cost savings for attic insulation increased above the baseline
— Canadian locations.
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Figure 4.218. Annual energy cost savings for attic insulation increased above the baseline
— European locations.

4.8 Cool Roofs

It was assumed that the baseline building has a brown colored pitched roof with a solar
reflectance of p = 0.08. Two alternative roofing materials with higher solar reflectance
values were modeled. A thermal reflective brown roof with a solar reflectance of p = 0.27
was modeled as a medium reflectance case, and a white roof with a solar reflectance
value of p = 0.65 was modeled to represent a highly reflective roof. These cases are
shown in Table 4.25.
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The energy simulations did not account for the potential impacts of temperature changes
in the attic on the HVAC systems. It was assumed that there were no ducts or system
components in the attic.

Thermostatically controlled mechanical venting of the attic was also modeled for the
three roof types to see how this would impact the energy use. The mechanical venting
was modeled to provide 3 ACH when the attic temperature exceeded 90°F (32°C). The
ventilated attic had the most impact on the baseline building, but almost no change to

the overall energy use in the white roof case. The results from these simulations are not
included in this report.

Table 4.25. Cool roof ECM overview.

Roof Solar Mechanical
Case Description Reflectance Venting
Baseline | Standard brown 0.08 No
Case 1l Cool brown 0.27 No
Case 2 Cool white 0.65 No

The results for the cool roof simulations are shown in Figures 4.219 through 4.225. For
the U.S., the savings are larger for the warmer climates and the two marine climates,
and there is a slight increase in energy use in the two coldest climates. The energy cost
savings are small, but positive in all locations. The energy savings results for the
Canadian and European locations are similar to the U.S. All of the locations show some
energy savings except for Edmonton and Ottawa, which show higher energy use with
the cool roof. All of the locations except for Stuttgart, Helsinki and Tampere show energy
cost savings.
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Figure 4.219. Percent energy savings for cool roof.
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Figure 4.221. Annual energy cost savings for cool roof.
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Figure 4.223. Annual energy savings for cool roof — International locations.
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Figure 4.224. Annual energy cost savings for cool roof — Canadian locations.
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Figure 4.225. Annual energy cost savings for cool roof — European locations.

4.9 Building Airtightness

The effects of retrofitting the administration facility with a tighter envelope were
evaluated with two levels of improvement over the baseline. Envelope leakage rates
were assumed for the baseline and the two improved cases loosely based on blower
door results from real buildings. The leakage rates and corresponding air changes per
hour used for modeling are shown in Table 4.26. The method used to derive air change
rates from envelope leakage rates is described in Section 4.



Table 4.26. Building airtightness ECM overview.
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Leakage Rate at 0.3 in Leakage Rate at ACH
w.g. (75 Pa) cfm/ft? 0.016 in w.g. (4 Pa) at 0.016 in w.g.
Source (L/s/m?) cfm/ft? (L/s/m?) (4 Pa)
Baseline 1.0 (5.07) 0.15 (0.65) 0.97
Typical practice for 0.50 (2.54) 0.074 (0.33) 0.48
air sealing retrofit
Good practice for air 0.25 (1.27) 0.037 (0.16) 0.24

sealing retrofit

The results for the improved airtightness simulations are shown in Figures 4.226 through
4.232. The energy savings can be significant especially in the colder climates. For cold
climates this is the highest energy savings ECM for leaky buildings. For the warm-humid
climates it is also an important measure to reduce humidity problems, which was not a
focus of this modeling effort. There is very little energy savings for the mild climates, and

Vancouver is the only climate that had a negative energy cost savings.
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Figure 4.226. Percent energy savings for improved airtightness.
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Figure 4.229. Percent energy savings for improved airtightness — International locations.
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Figure 4.231. Annual energy cost savings for improved airtightness — Canadian locations.
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Figure 4.232. Annual energy cost savings for improved airtightness — European locations.

4.10 Advanced Windows

The set of advanced window options evaluated are shown in Table 4.27. Exact models
of the recommended windows are not readily available in the NREL database; therefore,
a set of suitable alternative models were used. The properties of the six replacement
windows as they are modeled are given by Table 4.28. Included in the tables are the
estimated costs per square foot of glazing and the airtightness of the building after the
retrofit. In this analysis the airtightness is assumed to be unchanged by the replacement
windows.
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Table 4.27. Thermal properties of retrofit windows.

U-Factor
Btu/ft>hr-F Incremental
# | Glazing Type Frame Type (W/m?K) SHGC | VT | Cost ($/ft?)
| | 2-pane, uncoated glass Aluminum, thermal break 0.60 (3.4) 0.60 | 0.63 | Baseline cost
Il | 2-pane, tinted Aluminum, thermal break 0.60 (3.4) 0.42 | 0.38 $0.50
A | 2-pane, reflective coating Aluminum, thermal break 0.54 (3.1) 0.17 | 0.10 $1.25
B | 2-pane, low-E, tinted Aluminum, thermal break 0.46 (2.6) 0.27 | 0.43 $1.75
C | 2-pane, low-E Aluminum, thermal break 0.46 (2.6) 0.34 | 0.57 $1.50
D | 3-pane, low-E Insulated 0.20 (1.1) 0.22 | 0.37 $9.00
E | 3-pane, high-SHGC, low-E | Non-metal 0.27 (1.5) 0.38 | 0.47 $15.50
F | 3-pane, high-SHGC, low-E | Non-metal, insulated 0.18 (1.0) 0.40 | 0.50 $19.67
Table 4.28. Thermal properties of modeled windows.
Fenestration, Overall Building AL
Cost U-Value at 0.3in w.g. cfm/ft®

window $/ft> ($/m?) Btu/h-oF-ft* (W/m*K) | SHGC (L/s-m? at 75 Pa)

I 22.00 (236.81) 0.56 (3.19) 0.61 1.00 (5.08)

Il 22.50 (242.2) 0.55 (3.12) 0.50 1.00 (5.08)

A 23.25 (250.27) 0.51 (2.88) 0.22 1.00 (5.08)

B 23.75 (255.65) 0.44 (2.48) 0.30 1.00 (5.08)

C 23.50 (252.96) 0.45 (2.53) 0.35 1.00 (5.08)

D 31.00 (333.69) 0.21 (1.20) 0.19 1.00 (5.08)

E 37.5 (403.61) 0.26 (1.48) 0.37 1.00 (5.08)

F 41.67 (448.49) 0.17 (0.97) 0.47 1.00 (5.08)

The results for the window simulations are shown in Figures 4.233 through 4.239. The
performance of the windows is a combination of the U-value and the SHGC. Daylighting
was not modeled in this building and therefore the visual transmittance is not a factor in
the energy performance. All of the windows show energy savings in the warmer
climates. In the colder climates, the baseline window is better than the first three
windows. Lower U-values provide energy savings in all climates. In the hot climates
(climate zones 1-3), the lower SHGC windows perform better, and the opposite is true of
the colder climate zones (4-8). The baseline windows for the international locations
varied from country to country and had a large impact on the savings. The largest
energy savings are in Italy, France, and Finland.
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Figure 4.234. Annual energy savings for advanced windows.
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Figure 4.235. Annual energy cost savings for advanced windows.
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Figure 4.236. Percent energy savings for advanced windows — International locations.
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Figure 4.237. Annual energy savings for advanced windows — International locations.
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Figure 4.238. Annual energy cost savings for advanced windows — Canadian locations.



4-140 Energy Efficient Technologies & Measures for Building Renovation

€8.00 T L indow! mWindowll mWindow A m Window B
£7.00

€6.00 —

€5.00 ] M
€£4.00
€3.00
€2.00
€1.00

B Window C mWindowD mWindowE =WindowF

ergy Cost Savings (euro/m2-yr)

Figure 4.239. Annual energy cost savings for advanced windows — International locations.

4.11 Overhangs

The effect on whole building energy performance from retrofitting the building with
exterior overhangs above the south-facing windows was modeled in EnergyPlus using
simple shading devices which protrude orthogonally from the building facade by 1.6 ft
(0.5 m).

In general, overhangs showed small savings for the U.S. locations and slightly higher
savings for the international locations. This outcome is attributed to the generally lower
SHGC found in the windows in the U.S. buildings, which makes them less vulnerable to
solar heat gains. Other benefits to overhangs such as glare control and thermal comfort
improvement on south windows were not analyzed in this study.
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Figure 4.240. Percent energy savings for overhangs.
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Figure 4.241. Annual energy savings for overhangs.
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Figure 4.242. Annual energy cost savings for overhangs.
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Figure 4.243. Percent energy savings for overhangs — International locations.
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Figure 4.244. Annual energy savings for overhangs — International locations.
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Figure 4.245. Annual energy cost savings for overhangs — Canadian locations.
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Figure 4.246. Annual energy cost savings for overhangs — European locations.

4.12 Exterior Vertical Fins

The effect of retrofitting the building with exterior vertical fins around the windows was
modeled in a similar way as window overhangs. Shading devices protruding out 1.6 ft
(0.5 m) orthogonally around the left, right, and top sides of the east-, west-, and south-
facing windows were modeled using EnergyPlus.

Similar to the windows overhangs, the vertical fins were found to have only marginal
effect on the U.S. locations. Seattle was an outlier, showing about 6% energy savings. In
general, vertical fins were found to offer a greater advantage in the international
locations. This was attributed to the higher SHGC in the baseline international buildings.
Vertical fins are typically added to a building to control direct beam radiation and not for
direct energy savings.
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Figure 4.252. Annual energy cost savings for exterior vertical fins — Canadian locations.
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Figure 4.253. Annual energy cost savings for exterior vertical fins — European locations.

4.13 Energy Recovery Ventilators

ERVs are used to transfer useful energy from the exhaust air stream of a building’s air
handler to the incoming outdoor air stream. A retrofit application of ERVs was modeled
using three levels of performance. The specifications of the ERV are selected to
represent a desiccant wheel type ERV, which has the capability to transfer moisture
between the two air streams and is sometimes called a total energy recovery system.
The specific properties of each device are shown in Table 4.29.

Table 4.29. ERV retrofit model parameters.

Sensible Latent Pressure Drop
ERV Name Effectiveness Effectiveness (in water)
ERV 60 0.6 0.5 0.70
ERV 70 0.7 0.6 0.86
ERV 80 0.8 0.7 1.00

A schematic of the retrofit system is shown in Figure 4.254. Each individual air handler in
the baseline building was retrofitted with an ERV across the outdoor air and relief air
streams of the outdoor air systems. In the US locations the air handlers serve multiple
zones whereas the international buildings contain packaged single zone systems.
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Figure 4.254. Schematic of the energy recovery ventilator model (credit: Kyle Benne).

The results for the ERV simulations are shown in Figures 4.255 through 4.261. Energy
recovery devices are generally most effective in cold climates. The results below show
over 10% energy savings in the cold-humid climates. Buildings in a few climates can
actually be penalized for the use of an ERV. These are climates that have large
opportunities for economizing, and any small savings due to energy recovery is offset by
an increase in fan energy due to the added pressure drop of the device. An ERV bypass
was not modeled in this study, but would improve performance by avoiding the fan
energy penalty of the ERV when the system is in economizer mode.
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Figure 4.255. Percent energy savings for ERVs.
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Figure 4.256. Annual energy savings for ERVSs.
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Figure 4.257. Annual energy cost savings for ERVSs.
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Figure 4.258. Percent energy savings for ERVs — International locations.
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Figure 4.259. Annual energy savings for ERVs — International locations.
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Figure 4.260. Annual energy cost savings for ERVs — Canadian locations.
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Figure 4.261. Annual energy cost savings for ERVs — European locations.
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4.14 Indirect Evaporative Cooling

A retrofit with the addition of an indirect evaporative cooling (IDEC) system was
simulated as a preconditioner to the outdoor air before mixing at the outdoor air mixing
device. In this study, each air handler had its own evaporative cooler, although other
configurations are certainly possible, such as a DOAS serving multiple zones. The
systems were modeled using the outside air and the return air as the secondary air
stream for the IDEC. The return-air strategy provided the best results, and these are the
only results included in this report. The IDEC was bypassed when in heating mode to
reduce the pressure drop on the fan. In order to maximize the benefit of the evaporative
cooler, economizer controls where used to increase the outdoor air fraction under
favorable conditions; however, the economizer control strategy was not optimized and it
is believed that there are missed opportunities for economizing in some climates. Better
economizing logic is expected to further improve the benefit of this technology in
favorable locations. The model parameters are shown in Table 4.30 and a schematic of
the main HYAC components of the evaporative cooling retrofit is shown in Figure 4.262.

It is possible to use the IDEC as a heat exchanger for heat recovery when in heating
mode if return air is used as the secondary air stream. The energy savings for this
arrangement was approximated by estimating the gas energy savings from the ERV
simulations. It was assumed that the gas energy savings would be half of the gas energy
savings from the ERV 60 (60% effective) simulations.

Table 4.30. IDEC model parameters.

Primary Air Secondary
Pressure Air Pressure Fan
Wet Bulb Drop in w.g. Drop in w.g. Efficiency
Effectiveness (Pa) (Pa)
0.75 0.75 (187) 0.5 (125) 0.5
Evapora
tive
> Cooler |- Yl Outside

Air | Cool[ng ,| Heating > Fan
. Caoll Caoil
Mixer

Figure 4.262. Schematic of the indirect evaporative cooling model (credit: Kyle Benne).

The results of the IDEC simulations are shown in Figures 4.263 through 4.269. The
IDEC was found to offer energy savings in all climates except for Palermo lItaly, and
significant energy savings were achieved in the hot dry climates. The estimated
performance of IDEC plus heat recovery in heating mode is also shown in these figures.
The energy savings are favorable for the cold climates. Additional savings may be
achievable with a system design specifically for this application. These results should be
viewed as preliminary estimates and actual savings for specific projects may vary
considerably depending on the building loads, systems, and application of the
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Figure 4.263. Percent energy savings for indirect evaporative cooling and indirect
evaporative cooling with heat recovery.
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Figure 4.264. Annual energy savings for indirect evaporative cooling and indirect
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Figure 4.265. Annual energy cost savings for indirect evaporative cooling.
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Figure 4.266. Percent energy savings for indirect evaporative cooling and indirect
evaporative cooling with heat recovery — International locations.
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Figure 4.268. Annual energy cost savings for indirect evaporative cooling — Canadian
locations.
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Figure 4.269. Annual energy cost savings for indirect evaporative cooling — International
locations.

4.15 Hybrid Evaporative Cooling

A retrofit of a hybrid evaporative cooling system was simulated to understand the
performance of a combined indirect and direct evaporative cooling system. The hybrid
system consists of an indirect evaporative cooling component followed immediately by a
direct evaporative cooling component. Aside from the additional component, this hybrid
system was configured and controlled identically to the previous indirect evaporative cooling
system. The direct component was modeled using a wet bulb effectiveness of 0.90.

The results for the hybrid evaporative cooling systems are shown in Figures 4.270
through 4.276. The same hot dry locations favorable for indirect evaporative cooling
show potential with the hybrid system, but adding the direct component boosts the
overall performance of the system by a few percent. However, high humidity is even
more of a concern with direct evaporative cooling, and the direct evaporative section
should be turned off when high humidity is of concern. The direct evaporative
component may not be appropriate in humid locations.
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Figure 4.271. Annual energy savings for hybrid evaporative cooling.
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Figure 4.273. Percent energy savings for hybrid evaporative cooling — International
locations.
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Figure 4.274. Annual energy savings for hybrid evaporative cooling — International
locations.
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Figure 4.275. Annual energy cost savings for hybrid evaporative cooling — Canadian
locations.
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Figure 4.276. Annual energy cost savings for hybrid evaporative cooling — International
locations.

4.16 DOAS with FCU

A DOAS in combination with a four-pipe FCU was simulated as a potential retrofit to the
administration building. Only the U.S. locations were simulated with this technology. The
DOAS consisted of central heating and cooling coils served by a gas-fired boiler and an
air-cooled chiller. The DOAS is a constant volume system that provides the minimum
ventilation air only during the office hours of operation. The DOAS does not provide
economizer operation because of the constant speed fan and constant air flow rate. The
supply-air temperature of the DOAS is governed by an outside air reset, which varied
slightly with climate. The DOAS provides minimal heating through water coils supplied
by a gas boiler and a small amount of cooling through a chilled water coil supplied by an
air-cooled chiller. A key component of the DOAS is an energy recovery device between
the outdoor air and relief air streams. The water loops feeding the DOAS are separate
from the FCU system.

The results for this system are shown in Figures 4.277 through 4.279. The most
significant energy savings were achieved in cold climates reflecting the benefit of the
heat recovery. Energy savings in warm climates were modest and attributed to slightly
better cooling efficiency of the chiller relative to the DX cooling system in the baseline. In
all locations, there was an increase in electricity consumption from increased fan energy
because of the increased pressure drop and a decrease in gas consumption because of
the energy recovery component. The trade off of gas savings and electricity increase
results in moderate energy cost savings in some locations and energy cost increases in
other locations. Improved performance could be achieved with alternative system
configurations and control strategies that minimizes the fan energy and optimizes the
delivery of the space conditioning supply air. Systems design and operation for specific
climates and applications are important for the best performance.
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Figure 4.277. Percent energy savings for DOAS with FCU.
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Figure 4.278. Annual energy savings for DOAS with FCU.
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Figure 4.279. Annual energy cost savings for DOAS with FCU.

4.17 DOAS with Radiant Heating and Cooling

A DOAS in combination with radiant heating and cooling was evaluated. The DOAS of
this retrofit was identical to the system model for the DOAS with FCU case. The radiant
system consisted of actively heated and cooled panels embedded into the ceiling. The
radiant panels are served by chilled water from a water-cooled chiller, and hot water
from a gas boiler. The radiant system is controlled by mean radiant temperature instead
of average space temperature as in the baseline system, which translates to a looser
space temperature requirement while maintaining similar or perhaps even better
comfort. The radiant system was controlled to turn off during cooling mode if the surface
temperature reached the space dew point temperature to avoid condensation.

The results for this system are shown in Figures 4.280 through 4.286. Simulations show
moderate energy savings in most U.S. climates, significant savings in the very cold
climates, and increased energy consumption in three climates. The increased energy
consumption is partially due to economizer operation as explained below and probably
also due to a non-optimal control strategy for these climates. The results for the non-
U.S. locations show significant energy savings in most climates. There are two driving
factors for the observed energy savings of the radiant system retrofit. One is that there is
reduced fan energy for the DOAS system with radiant heating and cooling as compared
to the baseline system. Second, the mean radiant temperature control of the radiant
system allowed a wider variation in the dry bulb temperature. Improved performance is
possible with optimal system design and control for specific building designs and
locations.

One drawback of the DOAS and radiant system as it was modeled is related to
economizing. The baseline VAV system has an air-side economizer; however, the
retrofit DOAS with a constant speed fan does not economize. The retrofit therefore
shows greatly reduced performance in good economizing climates, a drawback that
could be at least partly avoided by implementing a water side economizer to take full
advantage of the higher chilled water temperature requirements of the radiant system
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compared to the baseline VAV system. This analysis did not attempt to implement a

water side economizer; however, buildings being designed in good economizing
climates should consider one, if implementing a radiant system.
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Figure 4.280. Percent energy savings for radiant system.
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Figure 4.281. Annual energy savings for radiant system.
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Figure 4.282. Annual energy cost savings for radiant system.
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Figure 4.283. Percent energy savings for radiant system — International locations.
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Figure 4.284. Annual energy savings for radiant system — International locations.
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Figure 4.285. Annual energy cost savings for radiant system — Canadian locations.
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Figure 4.286. Annual energy cost savings for radiant system — International locations.

4.18 Ground Source Heat Pumps
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Figure 4.287. Percent energy savings for GSHPs.
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Figure 4.288. Annual energy savings for GSHPs.
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Figure 4.289. Annual energy cost savings for GSHPs.
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Figure 4.291. Annual energy savings for GSHPs — International locations.
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Figure 4.292. Annual energy cost savings for GSHPs — Canadian locations.
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Figure 4.293. Annual energy cost savings for GSHPs — European locations.



4-170 Energy Efficient Technologies & Measures for Building Renovation

4.19 Reheat Using Condenser Waste Heat

Cooling system condenser waste heat recovery was evaluated for both the U.S.
locations and the international locations. Different approaches were taken for the U.S.
and international locations because the systems types are different.

The U.S. administrative building has multizone air handlers served by central heating
and cooling plants. The central air handlers cool or heat to a seasonal deck temperature
and reheat at the zone terminals if necessary to trim to the individual zone loads. This
retrofit provides waste heat from the chiller to the hot water plant serving the heating
coils as required. Modeling this technology directly in EnergyPlus is possible; however,
developing the model and control strategy is particularly cumbersome. To avoid this
burden, the effect of the proposed retrofit was analyzed using a post processing
technique. Hourly data of the chiller waste heat, and boiler energy consumption were
reported by the baseline EnergyPlus simulation. The effect of heat recovery was
guantified by subtracting available condenser waste heat from the boiler energy
consumption at a single time step, and then integrating over time.

The existing international administrative facility consists of packaged single zone
systems that do not actively control humidity and never use reheat. In this study, the
benefit of retrofitting the building with a condenser waste heat-recovery system was
evaluated by first creating a new baseline point of comparison with a system that used
humidistats and conventional reheat. The new systems use more energy due to
increased cooling and reheat; however, buildings in humid climates were also much
drier. By introducing a new baseline, there is a fair comparison for the condenser waste
heat-recovery system.

The results for this system are shown in Figures 4.294 through 4.300. The simulations
show small energy savings in all U.S. climates.
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Figure 4.294. Percent energy savings for condenser waste heat recovery.
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Figure 4.296. Annual energy cost savings for condenser waste heat recovery.
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Figure 4.297. Percent energy savings for condenser waste heat recovery — International
locations.
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Figure 4.298. Annual energy savings for condenser waste heat recovery — International
locations.
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5 ECM Performance Data
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Increased Wall Insulation

Table 5.1. Annual energy savings for wall insulation and reduced infiltration over
Standard 90.1-1989 baseline (kBtu/sq ftyr).

Base Base Base Base Base
Location Plus 1in Plus 2in | Plus4in Plus 6in | Plus 8in

Miami, FL 9.35 9.50 9.78 9.83 9.88
Houston, TX 9.09 9.51 10.36 10.71 10.90
Phoenix, AZ 11.23 11.72 12.73 13.15 13.33
Memphis, TN 8.12 8.68 9.99 10.60 10.95
El Paso, TX 9.07 9.61 10.76 11.27 11.53
San Francisco, CA 13.93 14.91 16.86 17.63 18.04
Baltimore, MD 7.89 8.42 9.80 10.52 10.99
Albuquerque, NM 8.67 9.40 11.12 11.90 12.35
Seattle, WA 6.77 7.21 8.44 9.10 9.52
Chicago, IL 9.36 9.96 11.56 12.41 12.96
Boise, ID 9.74 10.50 12.43 13.40 13.97
Burlington, VT 9.40 9.85 11.15 11.92 12.43
Helena, MT 8.86 9.38 10.88 11.73 12.29
Duluth, MN 10.92 11.39 12.80 13.66 14.25
Fairbanks, AK 14.94 15.38 16.79 17.72 18.38

Table 5.2. Annual energy savings for wall insulation and reduced infiltration over
Standard 90.1-1989 baseline (kWh/m2y).

Base Base Base Base Base
Location Plus 1in Plus 2in | Plus 4in Plus 6in | Plus 8in

Miami, FL 29.48 29.96 30.85 30.99 31.16
Houston, TX 28.67 29.98 32.68 33.77 34.37
Phoenix, AZ 35.40 36.97 40.15 41.47 42.03
Memphis, TN 25.61 27.38 31.49 33.42 34.52
El Paso, TX 28.59 30.32 33.93 35.53 36.36
San Francisco, CA 43.93 47.03 53.18 55.60 56.90
Baltimore, MD 24.89 26.56 30.91 33.17 34.65
Albuquerque, NM 27.35 29.64 35.07 37.53 38.95
Seattle, WA 21.34 22.75 26.62 28.68 30.01
Chicago, IL 29.53 31.40 36.45 39.14 40.86
Boise, ID 30.72 33.12 39.20 42.26 44,06
Burlington, VT 29.65 31.08 35.17 37.59 39.21
Helena, MT 27.93 29.57 34.30 36.98 38.75
Duluth, MN 34.45 35.91 40.35 43.07 44,92
Fairbanks, AK 47.12 48.51 52.96 55.88 57.97
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Table 5.3. Annual energy cost savings for wall insulation and reduced infiltration
over Standard 90.1-1989 baseline ($/sq ftyr).

Base Base Base Base Base
Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in

Miami, FL $2.72 $2.76 $2.83 $2.84 $2.86
Houston, TX $1.82 $1.88 $1.99 $2.03 $2.05
Phoenix, AZ $2.32 $2.41 $2.58 $2.66 $2.68
Memphis, TN $1.35 $1.43 $1.62 $1.70 $1.75
El Paso, TX $1.64 $1.70 $1.82 $1.88 $1.91
San Francisco, CA $1.92 $2.01 $2.20 $2.27 $2.31
Baltimore, MD $1.35 $1.43 $1.62 $1.72 $1.80
Albuguerque, NM $1.18 $1.26 $1.45 $1.53 $1.58
Seattle, WA $0.90 $0.96 $1.12 $1.20 $1.25
Chicago, IL $1.31 $1.39 $1.60 $1.71 $1.78
Boise, ID $1.16 $1.24 $1.46 $1.57 $1.64
Burlington, VT $1.59 $1.67 $1.87 $2.00 $2.08
Helena, MT $1.15 $1.21 $1.40 $1.51 $1.58
Duluth, MN $1.30 $1.36 $1.52 $1.62 $1.69
Fairbanks, AK $1.74 $1.79 $1.95 $2.06 $2.14

Table 5.4. Annual energy savings for wall insulation and reduced infiltration over
the no-insulation baseline (kBtu/sq ftyr).

Base Base Base Base Base
Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in

Miami, FL 9.41 9.56 9.84 9.89 9.94
Houston, TX 14.19 14.72 15.80 16.20 16.29
Phoenix, AZ 15.36 15.93 17.08 17.54 17.60
Memphis, TN 20.25 21.33 23.50 24.34 24.77
El Paso, TX 16.70 17.53 19.02 19.63 19.75
San Francisco, CA 16.11 17.16 19.22 20.01 20.34
Baltimore, MD 27.91 29.52 32.69 33.94 34.77
Albuguerque, NM 23.67 25.11 27.94 29.05 29.54
Seattle, WA 26.55 28.18 31.45 32.76 33.51
Chicago, IL 36.42 38.56 42.84 44,53 45.82
Boise, ID 31.94 33.92 37.83 39.37 40.29
Burlington, VT 41.55 44.02 48.95 50.90 52.63
Helena, MT 40.48 42.99 48.03 50.01 51.66
Duluth, MN 52.91 56.10 62.39 64.88 67.34
Fairbanks, AK 73.13 77.49 86.21 89.67 93.56




Table 5.5. Annual energy savings for wall insulation and reduced infiltration over
the no-insulation baseline (kWh/m2yr).

Base Base Base Base Base
Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in
Miami, FL 16.73 17.53 18.09 18.31 18.41
Houston, TX 33.88 35.35 38.12 39.03 38.74
Phoenix, AZ 36.76 38.24 41.03 42.13 42.66
Memphis, TN 53.37 56.19 61.63 63.79 63.15
El Paso, TX 41.47 43.37 49.05 50.49 47.37
San Francisco, CA 41.21 43.78 47.24 48.65 48.82
Baltimore, MD 75.66 80.48 89.50 92.89 92.79
Albuguerque, NM 67.59 71.58 78.67 81.43 80.92
Seattle, WA 76.74 80.97 88.59 91.49 91.29
Chicago, IL 100.04 106.20 119.03 124.38 125.73
Boise, ID 89.32 95.12 105.95 110.38 110.78
Burlington, VT 115.96 122.88 137.91 143.79 147.04
Helena, MT 122.95 134.05 149.10 155.06 155.06
Duluth, MN 154.76 164.34 183.70 191.69 197.39
Fairbanks, AK 218.50 233.23 262.24 273.73 285.67

Table 5.6. Annual energy cost savings for wall insulation and reduced infiltration
over Standard 90.1-1989 baseline ($/sq ftyr).

Base Base Base Base Base

Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in
Miami, FL $2.73 $2.78 $2.85 $2.86 $2.88
Houston, TX $2.86 $2.93 $3.07 $3.12 $3.12
Phoenix, AZ $3.19 $3.29 $3.49 $3.57 $3.58
Memphis, TN $3.39 $3.55 $3.86 $3.98 $4.04
El Paso, TX $3.12 $3.22 $3.39 $3.46 $3.46
San Francisco, CA $2.24 $2.34 $2.53 $2.61 $2.63
Baltimore, MD $5.15 $5.39 $5.85 $6.03 $6.14
Albuquerque, NM $3.39 $3.56 $3.87 $4.00 $4.04
Seattle, WA $3.63 $3.84 $4.26 $4.42 $4.51
Chicago, IL $5.19 $5.47 $6.03 $6.25 $6.42
Boise, ID $3.82 $4.05 $4.50 $4.68 $4.78
Burlington, VT $7.16 $7.56 $8.36 $8.66 $8.94
Helena, MT $5.31 $5.63 $6.26 $6.50 $6.70
Duluth, MN $6.37 $6.75 $7.49 $7.77 $8.06
Fairbanks, AK $8.48 $8.97 $9.95 $10.34 $10.77

ECM Performance Data
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Table 5.7. Annual energy savings for wall insulation and reduced infiltration over the
standard baseline - international locations (kWh/m2yr).

Base Base Base Base Base
Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in

Edmonton 9.13 9.59 11.00 11.87 12.46
Ottawa 7.88 8.16 9.05 9.64 10.04
Vancouver 6.74 7.25 8.65 9.42 9.90
Stuttgart 10.24 11.20 13.37 14.35 14.90
Copenhagen 5.11 5.43 6.37 6.93 7.30
Helsinki 8.64 9.04 10.19 10.86 11.29
Tampere 9.17 9.59 10.81 11.52 11.99
Lyon 3.72 3.93 4,51 4.85 5.07
Marseille 1.88 1.98 2.25 2.40 2.50
Nantes 2.97 3.13 3.58 3.83 4.00
Paris 4,12 4.35 4,99 5.36 5.60
London 8.89 9.74 11.66 12.52 13.00
Milan 3.47 3.72 4.43 4.84 5.10
Naples 0.90 0.96 1.12 1.20 1.24
Palermo 0.01 0.01 0.02 0.02 0.02
Rome 0.96 1.03 1.21 1.30 1.35

Table 5.8. Annual energy cost savings for wall insulation and reduced infiltration
over the standard baseline - Canadian locations ($/m2yr).

Base Base Base Base Base
Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in

Edmonton $1.65 $1.73 $1.99 $2.14 $2.25
Ottawa $1.38 $1.43 $1.58 $1.68 $1.75
Vancouver $1.13 $1.21 $1.43 $1.55 $1.62

Table 5.9. Annual energy cost savings for wall insulation and reduced

infiltration over the standard baseline - European locations (euro/m2yr).

Base Base Base Base Base
Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in

Stuttgart €2.42 € 2.65 €3.16 €3.39 €3.52
Copenhagen €1.21 €1.28 €151 €1.64 €1.73
Helsinki €2.04 €2.14 €2.41 €2.57 €2.67
Tampere €2.17 €2.27 € 2.56 €272 €2.83
Lyon €0.88 €0.93 €1.07 €1.15 €1.20
Marseille €0.45 €0.47 €0.53 €0.57 €0.59
Nantes €0.70 €0.74 €0.85 €0.91 €0.94
Paris €0.98 €1.03 €1.18 €1.27 €1.32
London €1.66 €1.82 €2.18 €2.34 €2.43
Milan €0.82 €0.88 €1.05 €1.14 €1.21
Naples €0.21 €0.23 €0.26 €0.28 €0.29
Palermo €0.00 €0.00 €0.00 €0.00 €0.00
Rome €0.23 €0.24 €0.29 €0.31 €0.32




Table 5.10. Annual energy savings for wall insulation and reduced infiltration over

the no-insulation baseline- international locations (KWh/m2yr).

Base Base Base Base Base
Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in
Edmonton 156.69 166.75 186.77 194.68 198.92
Ottawa 140.90 149.65 167.03 173.85 177.50
Vancouver 88.48 94.40 106.24 110.94 113.44
Stuttgart 32.29 35.31 42.17 45,24 46.98
Copenhagen 35.45 38.89 46.80 50.36 52.39
Helsinki 143.79 150.69 164.04 169.17 171.89
Tampere 149.33 156.59 170.69 176.13 179.03
Lyon 63.48 66.89 73.54 76.11 77.46
Marseille 40.79 42.69 46.17 47.39 48.00
Nantes 56.87 59.70 65.06 67.05 68.08
Paris 69.55 73.31 80.65 83.46 84.96
London 28.04 30.71 36.77 39.47 41.01
Milan 10.95 11.73 13.97 15.26 16.09
Naples 2.83 3.02 3.52 3.77 3.92
Palermo 0.04 0.04 0.05 0.05 0.06
Rome 3.03 3.24 3.80 4.09 4.26

Table 5.11. Annual energy cost savings for wall insulation and reduced infiltration
over the no-insulation baseline- Canadian locations ($/m2yr).

Base Base Base Base Base
Location Plus 1in Plus 2 in Plus 4 in Plus 6 in Plus 8in
Edmonton $9.03 $9.60 $10.72 $11.16 $11.40
Ottawa $8.03 $8.51 $9.45 $9.82 $10.01
Vancouver $4.88 $5.19 $5.78 $6.02 $6.14

Table 5.12. Annual energy cost savings for wall insulation and reduced infiltration over the

no-insulation baseline- European locations (euro/m2yr).

Base Base Base Base Base

Location Plus1in | Plus2in | Plus4in | Plus6in | Plus 8in
Stuttgart €242 € 2.65 €3.16 €3.39 €3.52
Copenhagen € 2.66 €2.92 €3.51 €3.78 € 3.93
Helsinki €10.78 €11.30 €12.30 €12.68 €12.89
Tampere €11.19 €11.74 €12.80 €13.20 €13.42
Lyon €4.76 €5.01 €551 €5.71 €5.81
Marseille € 3.06 €3.20 € 3.46 € 3.55 € 3.60
Nantes €4.26 €4.48 € 4.88 €5.03 €5.10
Paris €5.21 €5.50 € 6.05 €6.26 €6.37
London €1.66 €1.82 €2.18 €2.34 €2.43
Milan €0.82 €0.88 €1.05 €1.14 €1.21
Naples €0.21 €0.23 €0.26 €0.28 €0.29
Palermo €0.00 €0.00 €0.00 €0.00 €0.00
Rome €0.23 €0.24 €0.29 €0.31 €0.32

ECM Performance Data
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Table 5.13. Annual energy savings for increased roof insulation and reduced infiltration
over the Standard 90.1-1989 baseline (kBtu/sq ftyr).

Base Plus | Base Plus | Base Plus | Base Plus | Base Plus
Location R-10 R-20 R-30 R-40 R-50
Miami, FL 12.91 13.93 14.30 14.47 14.58
Houston, TX 13.12 13.93 14.14 14.27 14.40
Phoenix, AZ 15.21 15.49 15.64 15.77 15.90
Memphis, TN 13.65 14.27 14.48 14.64 14.78
El Paso, TX 11.38 11.99 12.15 12.23 12.32
San Francisco, CA 13.71 14.48 14.77 14.86 14.92
Baltimore, MD 15.75 16.37 16.62 16.80 17.00
Albuquerque, NM 14.40 15.06 15.30 15.44 15.55
Seattle, WA 11.63 12.22 12.45 12.65 12.79
Chicago, IL 20.27 20.85 21.12 2131 2151
Boise, ID 18.33 18.76 18.99 19.17 19.38
Burlington, VT 22.13 22.57 22.84 23.07 23.22
Helena, MT 20.31 20.81 21.10 21.30 21.47
Duluth, MN 28.39 28.81 29.10 29.30 29.45
Fairbanks, AK 41.00 41.48 41.83 42.08 42.29

Table 5.14. Annual energy savings for increased roof insulation and reduced infiltration
over the Standard 90.1-1989 baseline (kWh/m2yr).

Base Plus R- Base Plus R- Base Plus R- Base Plus R- Base Plus R-

Location 10 20 30 40 50
Miami, FL 40.72 43.92 45.10 45.62 45.97
Houston, TX 41.38 43.93 44.60 45.01 45.40
Phoenix, AZ 47.97 48.86 49.32 49.74 50.13
Memphis, TN 43.03 45.01 45.67 46.17 46.61
El Paso, TX 35.89 37.81 38.32 38.56 38.85
San Francisco, CA 43.24 45.66 46.57 46.86 47.06
Baltimore, MD 49.68 51.63 52.42 52.98 53.61
Albuquerque, NM 45.42 47.48 48.26 48.68 49.03
Seattle, WA 36.67 38.52 39.26 39.89 40.32
Chicago, IL 63.94 65.74 66.59 67.21 67.83
Boise, ID 57.79 59.16 59.90 60.44 61.10
Burlington, VT 69.78 71.17 72.03 72.74 73.23
Helena, MT 64.06 65.63 66.55 67.18 67.70
Duluth, MN 89.53 90.87 91.76 92.41 92.88
Fairbanks, AK 129.31 130.82 131.90 132.72 133.36
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Table 5.15. Annual energy cost savings for increased roof insulation and reduced infiltration
over the Standard 90.1-1989 baseline ($/sq ftyr).

Base Plus R- Base Plus R- Base Plus R- Base Plus R- Base Plus R-

Location 10 20 30 40 50

Miami, FL $0.29 $0.31 $0.32 $0.32 $0.32
Houston, TX $0.22 $0.24 $0.24 $0.25 $0.25
Phoenix, AZ $0.28 $0.29 $0.29 $0.30 $0.30
Memphis, TN $0.19 $0.20 $0.20 $0.20 $0.21
El Paso, TX $0.15 $0.16 $0.17 $0.17 $0.17
San Francisco, CA $0.15 $0.18 $0.19 $0.19 $0.19
Baltimore, MD $0.18 $0.19 $0.19 $0.20 $0.20
Albuguerque, NM $0.15 $0.16 $0.17 $0.17 $0.17
Seattle, WA $0.12 $0.13 $0.13 $0.13 $0.14
Chicago, IL $0.24 $0.25 $0.25 $0.25 $0.26
Boise, ID $0.17 $0.18 $0.18 $0.18 $0.19
Burlington, VT $0.29 $0.30 $0.30 $0.30 $0.31
Helena, MT $0.25 $0.26 $0.27 $0.27 $0.27
Duluth, MN $0.29 $0.29 $0.30 $0.30 $0.30
Fairbanks, AK $0.40 $0.41 $0.41 $0.41 $0.41

Table 5.16. Annual energy savings for increased roof insulation and reduced infiltration
over the standard baseline - international locations (kWh/m2yr).

Base Plus R- Base Plus R- Base Plus R- Base Plus R- Base Plus R-
Location 10 20 30 40 50
Edmonton 156.69 166.75 186.77 194.68 198.92
Ottawa 140.90 149.65 167.03 173.85 177.50
Vancouver 88.48 94.40 106.24 110.94 113.44
Stuttgart 32.29 35.31 42.17 45.24 46.98
Copenhagen 35.45 38.89 46.80 50.36 52.39
Helsinki 143.79 150.69 164.04 169.17 171.89
Tampere 149.33 156.59 170.69 176.13 179.03
Lyon 63.48 66.89 7354 76.11 77.46
Marseille 40.79 42.69 46.17 47.39 48.00
Nantes 56.87 59.70 65.06 67.05 68.08
Paris 69.55 73.31 80.65 83.46 84.96
London 28.04 30.71 36.77 39.47 41.01
Milan 10.95 11.73 13.97 15.26 16.09
Naples 2.83 3.02 3.52 3.77 3.92
Palermo 0.04 0.04 0.05 0.05 0.06
Rome 3.03 324 3.80 4.09 4.26

Table 5.17. Annual energy cost savings for increased roof insulation and reduced infiltration
over the standard baseline - Canadian locations ($/m2yr).

Base Plus R- Base Plus R- Base Plus R- Base Plus R- Base Plus R-
Location 10 20 30 40 50
Edmonton $0.03 $0.05 $0.07 $0.08 $0.09
Ottawa $0.02 $0.04 $0.05 $0.06 $0.06
Vancouver $0.04 $0.06 $0.07 $0.07 $0.08
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Table 5.18. Annual energy cost savings for increased roof insulation and reduced infiltration
over the standard baseline - European locations (euro/m2yr).

Base Plus R- Base Plus R- Base Plus R- Base Plus R- Base Plus R-

Location 10 20 30 40 50

Stuttgart €125 €156 €170 €1.78 €184
Copenhagen €0.13 €021 €0.26 €0.29 €0.32
Helsinki €212 €2.66 €291 €3.06 €3.15
Tampere €225 €284 €3.10 €325 €3.35
Lyon €0.28 €0.40 €0.47 €052 €0.55
Marseille €0.17 €024 €0.28 €031 €0.33
Nantes €024 €034 €0.40 €044 €0.46
Paris €031 €045 €0.52 €057 €0.61
London €0.85 €1.06 €1.16 €121 €125
Milan €0.26 €0.37 €044 €0.48 €051
Naples €0.09 €0.12 €0.14 €0.15 €0.16
Palermo €0.00 €0.00 €0.00 €0.00 €0.00
Rome €0.09 €0.12 €0.14 €0.15 €0.16

5.3 Attic Insulation

Table 5.19. Annual energy savings for increased attic insulation and reduced building
infiltration over the Standard 90.1-1989 baseline (kBtu/sq ftyr).

Base Plus R- Base Plus R- Base Plus R- Base Plus R- Base Plus R-

Location 10 20 30 40 50
Miami, FL 3.56 4.34 4.58 4.65 4.72
Houston, TX 520 5.99 6.26 6.36 6.43
Phoenix, AZ 3.83 4.26 4.40 4.48 455
Memphis, TN 7.48 8.35 8.69 8.88 8.99
El Paso, TX 4.87 557 5.76 5.84 5.90
San Francisco, CA 5.35 6.10 6.35 6.43 6.49
Baltimore, MD 11.35 12.47 12.96 13.24 13.42
Albuquerque, NM 8.20 9.17 9.54 9.72 9.84
Seattle, WA 8.72 9.66 10.05 10.26 10.40
Chicago, IL 15.95 17.31 17.93 18.28 18.53
Boise, ID 11.98 13.10 13.59 13.88 14.07
Burlington, VT 19.40 20.85 2152 21.92 22.18
Helena, MT 17.02 18.38 19.00 19.37 19.61
Duluth, MN 25.93 27.87 28.80 29.34 29.70
Fairbanks, AK 39.34 41.94 43.20 43.94 44.44




Table 5.20. Annual energy savings for increased attic insulation and reduced building
infiltration over the Standard 90.1-1989 baseline (KWh/m2yr).

Base Plus R- Base Plus R- Base Plus R- Base Plus R- Base Plus R-

Location 10 20 30 40 50
Miami, FL 11.23 13.68 14.43 14.68 14.87
Houston, TX 16.40 18.90 19.74 20.05 20.29
Phoenix, AZ 12.07 13.42 13.88 14.13 14.34
Memphis, TN 23.59 26.32 27.42 28.00 28.35
El Paso, TX 15.37 17.56 18.18 18.43 18.61
San Francisco, CA 16.88 19.25 20.02 20.29 20.46
Baltimore, MD 35.80 39.33 40.88 41.75 42.33
Albuquerque, NM 25.86 28.92 30.08 30.65 31.04
Seattle, WA 2751 30.45 31.69 32.34 32.81
Chicago, IL 50.29 54.58 56.53 57.66 58.43
Boise, ID 37.77 41.31 42.87 43.77 44.39
Burlington, VT 61.17 65.74 67.86 69.12 69.95
Helena, MT 53.68 57.97 59.93 61.08 61.84
Duluth, MN 81.79 87.88 90.81 92.54 93.66
Fairbanks, AK 124.07 132.27 136.22 138.57 140.13

Table 5.21 Annual energy savings for increased attic insulation and reduced building
infiltration over the Standard 90.1-1989 baseline - International locations (kWh/m2yr).

Location Base Plus R-10 Base Plus R-20 Base Plus R-30 Base Plus R-40 Base Plus R-50
Edmonton 186.76 185.60 185.38 185.24 185.13
Ottawa 183.33 182.34 182.18 182.09 182.01
Vancouver 172.29 173.12 173.31 173.38 173.38
Stuttgart 98.47 91.95 90.58 89.97 89.62
Copenhagen 96.56 94.91 94.56 94.35 94.25
Helsinki 165.81 158.18 157.20 156.71 156.43
Tampere 170.36 161.84 160.48 159.89 159.38
Lyon 122.07 121.60 12151 121.50 121.49
Marseille 124.62 125.25 12541 125.50 125.57
Nantes 115.17 115.42 115.50 115.57 115.61
Paris 115.50 114.92 114.82 114.79 114.77
London 84.64 79.33 78.17 77.65 77.36
Milan 137.45 136.03 135.79 135.65 135.56
Naples 141.28 142.21 142.25 142.27 142.25
Palermo 151.31 151.26 151.23 151.21 151.17
Rome 137.30 138.45 138.53 138.57 138.58

ECM Performance Data
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5.4 Cool Roofs

Table 5.22. Annual energy savings for cool roof (kBtu/sq ftyr).

Cool Cool
Brown White
Location (r=0.27) | (r=0.65)

Miami, FL 0.36 0.66
Houston, TX 0.23 0.40
Phoenix, AZ 0.18 0.20
Memphis, TN 0.12 0.21
El Paso, TX 0.15 0.14
San Francisco, CA 0.00 0.04
Baltimore, MD 0.03 0.06
Albuquerque, NM 0.05 0.05
Seattle, WA 0.03 0.04
Chicago, IL -0.06 -0.06
Boise, ID -0.02 -0.02
Burlington, VT -0.06 -0.06
Helena, MT -0.07 -0.07
Duluth, MN -0.09 -0.09
Fairbanks, AK -0.04 -0.04

Table 5.23. Annual energy savings for cool roof (kWh/mZ2yr).

Cool Cool
Brown White
Location (r=0.27) | (r=0.65)

Miami, FL 1.14 2.09
Houston, TX 0.71 1.27
Phoenix, AZ 0.55 0.63
Memphis, TN 0.37 0.67
El Paso, TX 0.49 0.46
San Francisco, CA 0.01 0.13
Baltimore, MD 0.10 0.20
Albuquerque, NM 0.16 0.15
Seattle, WA 0.09 0.11
Chicago, IL -0.17 -0.17
Boise, ID -0.07 -0.08
Burlington, VT -0.20 -0.20
Helena, MT -0.23 -0.23
Duluth, MN -0.28 -0.28
Fairbanks, AK -0.14 -0.14




Table 5.24. Annual energy cost savings for cool roof ($/sq ftyr).

Cool Cool
Brown White
Location (r=0.27) | (r=0.65)

Miami, FL $1.80 $1.79
Houston, TX $1.65 $1.64
Phoenix, AZ $1.56 $1.56
Memphis, TN $1.43 $1.43
El Paso, TX $1.44 $1.44
San Francisco, CA $1.73 $1.73
Baltimore, MD $1.48 $1.48
Albuquerque, NM $1.35 $1.35
Seattle, WA $1.08 $1.08
Chicago, IL $1.61 $1.61
Boise, ID $1.10 $1.10
Burlington, VT $2.18 $2.18
Helena, MT $1.54 $1.54
Duluth, MN $1.56 $1.56
Fairbanks, AK $2.26 $2.26

5.5 Building Airtightness

Table 5.25. Annual energy savings for improved airtightness (kBtu/sq ftyr).

0.5 0.25 0.15
Location cfm/sq ft | cfm/sq ft | cfm/sq ft
Miami, FL 3.00 4.60 5.22
Houston, TX 5.64 8.25 9.24
Phoenix, AZ 5.33 7.76 8.67
Memphis, TN 8.98 13.14 14.71
El Paso, TX 6.35 8.86 9.75
San Francisco, CA 8.37 11.91 13.17
Baltimore, MD 12.62 18.56 20.84
Albuguerque, NM 9.64 13.89 15.48
Seattle, WA 11.70 16.89 18.82
Chicago, IL 16.36 24.04 26.98
Boise, ID 13.96 20.39 22.84
Burlington, VT 19.41 28.46 31.96
Helena, MT 17.32 25.19 28.18
Duluth, MN 23.98 35.25 39.60
Fairbanks, AK 35.09 51.79 58.27

ECM Performance Data
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Table 5.26. Annual energy savings for improved airtightness (kWh/m2yr).

Energy Efficient Technologies & Measures for Building Renovation

0.5 0.25 0.15

Location cfm/sq ft | cfm/sq ft | cfm/sq ft
Miami, FL 9.46 14.52 16.47
Houston, TX 17.79 26.03 29.15
Phoenix, AZ 16.81 24.47 27.33
Memphis, TN 28.33 41.45 46.38
El Paso, TX 20.01 27.93 30.75
San Francisco, CA 26.38 37.57 41.54
Baltimore, MD 39.79 58.51 65.72
Albuguerque, NM 30.40 43.82 48.80
Seattle, WA 36.88 53.27 59.34
Chicago, IL 51.58 75.81 85.10
Boise, ID 44.03 64.31 72.01
Burlington, VT 61.21 89.74 100.78
Helena, MT 54.62 79.43 88.87
Duluth, MN 75.63 111.17 124.87
Fairbanks, AK 110.67 163.33 183.76

Table 5.27. Annual energy cost savi

ngs for improved airtightness ($/sq ftyr).

0.5 0.25 0.15
Location cfm/sq ft | cfm/sq ft | cfm/sq ft
Miami, FL $0.08 $0.12 $0.14
Houston, TX $0.09 $0.13 $0.15
Phoenix, AZ $0.09 $0.13 $0.15
Memphis, TN $0.12 $0.18 $0.20
El Paso, TX $0.08 $0.11 $0.12
San Francisco, CA $0.08 $0.11 $0.12
Baltimore, MD $0.17 $0.25 $0.28
Albuquerque, NM $0.10 $0.14 $0.16
Seattle, WA $0.14 $0.20 $0.22
Chicago, IL $0.19 $0.27 $0.30
Boise, ID $0.15 $0.22 $0.24
Burlington, VT $0.28 $0.40 $0.45
Helena, MT $0.20 $0.27 $0.30
Duluth, MN $0.26 $0.37 $0.41
Fairbanks, AK $0.37 $0.52 $0.58




Table 5.28. Annual energy savings for improved airtightness - international locations

(KWh/m2yr).

0.5 0.25

Location cfm/sq ft | cfm/sq ft

Edmonton 24.88 36.77
Ottawa 22.87 33.82
Vancouver 15.22 22.36
Stuttgart 15.73 23.17
Copenhagen 12.78 16.94
Helsinki 20.88 30.14
Tampere 22.24 32.20
Lyon 7.89 10.54
Marseille 3.26 3.71
Nantes 5.74 7.04
Paris 8.66 11.35
London 14.44 21.26
Milan 8.41 10.91
Naples 1.39 1.48
Palermo 0.02 0.02
Rome 1.58 1.69

Table 5.29. Annual energy cost savings for improved airtightness - Canadian locations

($/m2yr).
0.5 0.25
Location cfm/sq ft | cfm/sq ft
Edmonton $4.37 $6.32
Ottawa $3.83 $5.60
Vancouver $2.39 $3.49

Table 5.30. Annual energy cost savings for improved airtightness - European locations

(euro/m2yr).
0.5 0.25
Location cfm/sq ft | cfm/sq ft

Stuttgart €3.72 €5.48
Copenhagen €3.02 €4.00
Helsinki €4.94 €7.12
Tampere €5.26 €761
Lyon €1.87 € 2.49
Marseille €0.77 €0.88
Nantes €1.36 € 1.66
Paris €2.05 €2.68
London €2.70 € 3.98
Milan €1.99 €2.58
Naples €0.33 €0.35
Palermo €0.00 €0.00
Rome €0.37 € 0.40

ECM Performance Data
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5.6 Advanced Windows

Table 5.31. Annual energy savings for advanced windows (kBtu/sq ftyr).

Energy Efficient Technologies & Measures for Building Renovation

Window | Window | Window | Window | Window | Window | Window | Window
Location | Il A B C D E F
Miami, FL 1.52 1.62 2.04 2.27 1.86 2.36 2.10 1.86
Houston, TX 2.52 2.82 2.97 3.27 3.11 3.44 3.39 3.43
Phoenix, AZ 2.48 2.79 2.97 3.32 3.15 3.51 3.46 3.52
Memphis, TN 2.58 3.10 2.97 3.33 3.44 3.59 3.77 413
El Paso, TX 2.77 3.24 3.10 3.35 3.51 3.56 3.74 4.04
San Francisco, CA 2.26 2.69 2.24 2.45 2.88 2.67 3.05 3.59
Baltimore, MD 3.49 424 3.95 4.43 4,71 4.82 5.14 5.73
Albuquerque, NM 2.41 3.20 2.75 3.11 3.53 3.43 3.84 4.48
Seattle, WA 3.46 4.02 3.70 4,18 4.47 4,57 4,91 5.47
Chicago, IL 451 5.60 5.22 5.87 6.21 6.38 6.79 7.56
Boise, ID 3.73 4.70 4.25 4.80 5.21 5.26 5.71 6.46
Burlington, VT 4.88 6.16 5.70 6.43 6.85 7.01 7.51 8.41
Helena, MT 4.10 5.41 4.88 5.59 6.07 6.17 6.71 7.69
Duluth, MN 5.74 7.47 6.83 7.76 8.34 8.46 9.14 10.36
Fairbanks, AK 8.64 11.18 10.68 11.96 12.41 12.84 13.51 15.00
Table 5.32. Annual energy savings for advanced windows (kWh/m2yr).
Window | Window | Window | Window | Window | Window | Window | Window
Location | Il A B C D E F

Miami, FL 4,79 5.10 6.44 7.17 5.86 7.43 6.61 5.86
Houston, TX 7.94 8.88 9.38 10.32 9.82 10.84 10.68 10.82
Phoenix, AZ 7.81 8.81 9.36 10.48 9.94 11.08 10.91 11.11
Memphis, TN 8.13 9.78 9.36 10.49 10.86 11.32 11.89 13.01
El Paso, TX 8.73 10.22 9.77 10.57 11.06 11.23 11.78 12.74
San Francisco, CA 7.13 8.48 7.05 7.71 9.08 8.43 9.63 11.31
Baltimore, MD 11.00 13.38 12.46 13.98 14.85 15.18 16.22 18.08
Albuquerque, NM 7.60 10.10 8.68 9.80 11.12 10.82 12.11 14.14
Seattle, WA 10.91 12.67 11.66 13.18 14.09 14.41 15.47 17.26
Chicago, IL 14.21 17.66 16.47 18.53 19.58 20.12 21.43 23.83
Boise, ID 11.76 14.82 13.41 15.13 16.42 16.59 18.01 20.37
Burlington, VT 15.40 19.43 17.98 20.28 21.61 2211 23.68 26.53
Helena, MT 12.94 17.05 15.38 17.62 19.15 19.44 21.17 24.25
Duluth, MN 18.09 23.56 21.54 24.48 26.32 26.69 28.82 32.68
Fairbanks, AK 27.24 35.26 33.66 37.72 39.13 40.48 42.61 47.32




Table 5.33. Annual energy cost savings for advanced windows ($/sq ftyr).

ECM Performance Data

Window | Window | Window | Window | Window | Window | Window | Window
Location I ] A B C D E F
Miami, FL $0.04 $0.04 $0.06 $0.06 $0.05 $0.06 $0.06 $0.05
Houston, TX $0.04 $0.05 $0.06 $0.06 $0.05 $0.06 $0.06 $0.06
Phoenix, AZ $0.05 $0.05 $0.06 $0.06 $0.06 $0.07 $0.06 $0.06
Memphis, TN $0.04 $0.05 $0.05 $0.05 $0.05 $0.06 $0.06 $0.06
El Paso, TX $0.04 $0.05 $0.05 $0.06 $0.05 $0.06 $0.06 $0.06
San Francisco, CA $0.02 $0.03 $0.03 $0.03 $0.03 $0.03 $0.03 $0.04
Baltimore, MD $0.05 $0.06 $0.07 $0.07 $0.07 $0.08 $0.08 $0.09
Albuquerque, NM $0.03 $0.04 $0.04 $0.04 $0.04 $0.05 $0.05 $0.05
Seattle, WA $0.04 $0.05 $0.05 $0.05 $0.06 $0.06 $0.06 $0.07
Chicago, IL $0.06 $0.07 $0.07 $0.08 $0.08 $0.08 $0.09 $0.09
Boise, ID $0.04 $0.05 $0.05 $0.05 $0.06 $0.06 $0.06 $0.07
Burlington, VT $0.08 $0.10 $0.09 $0.11 $0.11 $0.11 $0.12 $0.13
Helena, MT $0.05 $0.07 $0.06 $0.07 $0.07 $0.08 $0.08 $0.09
Duluth, MN $0.06 $0.08 $0.08 $0.09 $0.09 $0.10 $0.10 $0.11
Fairbanks, AK $0.09 $0.12 $0.12 $0.13 $0.14 $0.14 $0.15 $0.16
Table 5.34. Simple payback relative to window | (years).
Window | Window | Window | Window | Window | Window | Window
Location [ A B C D E F

Miami, FL 4.3 1.7 4.5 5.6 8.7 9.9 15.0

Houston, TX 3.9 1.7 4.5 5.2 8.6 9.3 13.0

Phoenix, AZ 3.7 1.6 4.3 4.8 8.2 8.6 11.6
Memphis, TN 4.1 2.0 5.3 5.4 9.8 9.8 12.4

El Paso, TX 3.8 1.8 4.9 5.1 9.3 9.5 12.5

San Francisco, CA 6.7 3.5 9.1 8.9 17.0 16.3 19.8
Baltimore, MD 2.9 1.4 3.8 3.8 7.0 6.9 8.7
Albuguergue, NM 4.8 2.5 6.6 6.4 12.2 11.6 14.0

Seattle, WA 3.8 2.0 5.2 5.0 9.6 9.1 11.1

Chicago, IL 2.6 1.3 3.6 3.5 6.7 6.4 7.9

Boise, ID 3.6 2.0 5.2 4.9 9.6 8.9 10.6
Burlington, VT 1.9 1.0 2.6 2.6 4.9 4.7 5.7

Helena, MT 2.9 1.5 4.0 3.8 7.3 6.8 8.1

Duluth, MN 2.2 1.2 3.2 3.0 5.8 55 6.5
Fairbanks, AK 1.5 0.8 2.1 2.1 4.0 3.8 4.6
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Table 5.35. Annual energy savings for advanced windows - international locations (kWh/m2yr).

Window | Window | Window | Window | Window | Window | Window | Window
Location I ] A B C D E F
Edmonton -7.23 -1.72 -4.07 -1.30 0.85 0.96 3.30 7.39
Ottawa -6.03 -1.35 -3.18 -0.63 1.04 1.40 3.30 6.71
Vancouver -2.44 -0.22 -1.86 -0.33 1.21 1.08 2.65 5.08
Stuttgart 2.08 14.34 7.14 15.45 22.22 22.90 30.13 41.75
Copenhagen 1.43 5.17 2.87 7.90 9.90 11.49 14.12 18.93
Helsinki -17.65 -2.14 -7.68 5.34 10.26 15.24 22.09 34.89
Tampere -18.81 -2.20 -8.01 5.46 10.63 15.79 22.99 36.60
Lyon -8.40 -4.66 -7.47 -2.65 -0.16 1.11 4.05 8.99
Marseille -7.42 -5.12 -8.33 -5.76 -2.91 -3.66 -1.06 2.51
Nantes -8.16 -5.24 -8.39 -4.24 -1.47 -1.08 1.82 6.32
Paris -9.31 -5.26 -8.32 -2.81 -0.11 1.37 4.62 10.14
London 4,11 13.88 6.73 13.77 20.55 20.26 27.17 37.93
Milan -6.44 -3.79 -5.98 -3.25 -1.26 -0.85 1.32 4.87
Naples -2.81 -2.07 -3.34 -2.32 -1.18 -1.42 -0.37 1.03
Palermo -0.08 -0.07 -0.14 -0.10 -0.05 -0.07 -0.03 0.00
Rome -3.26 -2.34 -3.78 -2.66 -1.37 -1.73 -0.56 1.01
Table 5.36. Annual energy cost savings for advanced windows - Canadian locations ($/m2yr).
Window | Window | Window | Window | Window | Window | Window | Window
Location I ] A B C D E F
Edmonton -$0.31 -$0.05 -$0.13 $0.00 $0.06 $0.09 $0.17 $0.34
Ottawa -$0.25 -$0.04 -$0.09 $0.03 $0.07 $0.11 $0.17 $0.31
Vancouver -$0.09 $0.01 -$0.04 $0.03 $0.07 $0.08 $0.14 $0.22
Table 5.37. Annual energy cost savings for advanced windows - European locations (euro/m2yr).
Window | Window | Window | Window | Window | Window | Window | Window
Location I ] A B C D E F
Stuttgart €0.12 €0.82 €0.41 €0.88 €1.27 €1.31 €1.73 €2.39
Copenhagen €0.08 €0.30 €0.16 €0.45 €0.57 € 0.66 €0.81 €1.08
Helsinki -€1.01 -€£0.12 -€0.44 €0.31 €0.59 €0.87 €1.26 €2.00
Tampere -€1.08 -€£0.13 -€ 0.46 €0.31 €0.61 €0.90 €1.32 €2.09
Lyon -€ 0.48 -€0.27 -€0.43 -€0.15 -€£0.01 €0.06 €0.23 €0.51
Marseille -€0.42 -€£0.29 -€0.48 -€0.33 -€£0.17 -€0.21 -€ 0.06 €0.14
Nantes -€ 0.47 -€0.30 -€0.48 -€0.24 -€ 0.08 -€ 0.06 €0.10 €0.36
Paris -€ 0.53 -€0.30 -€0.48 -€0.16 -€£0.01 €0.08 €0.26 €0.58
London €0.19 €0.63 €0.30 €0.62 €0.93 €0.92 €1.23 €1.72
Milan -€0.37 -€£0.22 -€0.34 -€0.19 -€ 0.07 -€ 0.05 €0.08 €0.28
Naples -€0.16 -€£0.12 -€£0.19 -€0.13 -€ 0.07 -€ 0.08 -€0.02 €0.06
Palermo €0.00 €0.00 -€0.01 -€0.01 €0.00 €0.00 €0.00 €0.00
Rome -€0.19 -€£0.13 -€0.22 -€0.15 -€ 0.08 -€0.10 -€ 0.03 € 0.06




5.7 External Roller Shades

Table 5.38. Annual energy savings for external roller shades (kBtu/sq ftyr).

ller shades (kWh/m2yr).

Actively | Schedule
Controlled | Control
Location Shutters Shutters
Miami, FL 2.29 1.16
Houston, TX 1.56 1.33
Phoenix, AZ 1.76 1.45
Memphis, TN 1.04 1.04
El Paso, TX 0.38 0.86
San Francisco, CA -0.21 -0.35
Baltimore, MD 0.57 0.60
Albuquerque, NM 0.32 0.48
Seattle, WA 0.13 -0.13
Chicago, IL 0.40 0.40
Boise, ID 0.21 0.07
Burlington, VT 0.22 0.02
Helena, MT 0.09 -0.19
Duluth, MN 0.07 -0.40
Fairbanks, AK 0.02 -0.60
Table 5.39. Annual energy savings for external ro
Actively | Schedule
Controlled | Control
Location Shutters Shutters
Miami, FL 7.22 3.66
Houston, TX 4.90 4.18
Phoenix, AZ 5.54 4.56
Memphis, TN 3.27 3.29
El Paso, TX 1.18 2.71
San Francisco, CA -0.67 -1.09
Baltimore, MD 1.80 1.89
Albuguergue, NM 1.02 1.50
Seattle, WA 0.42 -0.41
Chicago, IL 1.27 1.27
Boise, ID 0.67 0.24
Burlington, VT 0.69 0.07
Helena, MT 0.28 -0.59
Duluth, MN 0.23 -1.25
Fairbanks, AK 0.05 -1.91
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Table 5.40. Annual energy savings for external roller shades - international locations

(KWh/m2yr).

Actively Schedule

Controlled Control

Location Shutters Shutters
Edmonton -0.41 -2.27
Ottawa 0.46 -0.55
Vancouver -0.27 -1.94
Stuttgart -2.49 -4.20
Copenhagen -0.25 1.30
Helsinki -1.66 -2.33
Tampere -1.62 -2.62
Lyon -4.26 0.74
Marseille -7.09 1.11
Nantes -5.62 0.68
Paris -4.16 0.11
London -2.29 -5.20
Milan -2.59 0.75
Naples -2.12 0.50
Palermo -0.24 0.01
Rome -3.00 0.52

5.8 Exterior Light Shelves

Table 5.41. Annual energy savings for exterior light shelves (kBtu/sq ftyr).

Exterior
Light

Location Shelves
Miami, FL 0.60
Houston, TX 0.27
Phoenix, AZ 0.45
Memphis, TN -0.11
El Paso, TX -0.09
San Francisco, CA -0.62
Baltimore, MD -0.29
Albuquerque, NM -0.59
Seattle, WA -0.22
Chicago, IL -0.37
Boise, ID -0.42
Burlington, VT -0.40
Helena, MT -0.47
Duluth, MN -0.62
Fairbanks, AK -0.33




Table 5.42. Annual energy savings for exterior light shelves (kWh/mZyr).

Exterior
Light

Location Shelves
Miami, FL 1.89
Houston, TX 0.86
Phoenix, AZ 1.43
Memphis, TN -0.33
El Paso, TX -0.27
San Francisco, CA -1.96
Baltimore, MD -0.91
Albuguergque, NM -1.86
Seattle, WA -0.68
Chicago, IL -1.15
Boise, ID -1.33
Burlington, VT -1.26
Helena, MT -1.47
Duluth, MN -1.96
Fairbanks, AK -1.04

Table 5.43. Annual energy savings for exterior light shelves - international locations

(KWh/m2yr).
Exterior
Light
Location Shelves

Edmonton -0.02
Ottawa -0.85
Vancouver -0.98
Stuttgart -2.25
Copenhagen -2.34
Helsinki -2.40
Tampere -2.12
Lyon -2.60
Marseille -5.01
Nantes -1.43
Paris -5.01
London -1.00
Milan -1.74
Naples -2.17
Palermo -2.26
Rome -1.99
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5.9 Exterior Vertical Fins

Table 5.44. Annual energy savings for exterior vertical fins (kBtu/sq ftyr).

Vertical

Location Fins
Miami, FL 0.74
Houston, TX 0.30
Phoenix, AZ 0.50
Memphis, TN -0.19
El Paso, TX -0.20
San Francisco, CA -0.81
Baltimore, MD -0.40
Albuquerque, NM -0.80
Seattle, WA -0.32
Chicago, IL -0.49
Boise, ID -0.60
Burlington, VT -0.54
Helena, MT -0.65
Duluth, MN -0.81
Fairbanks, AK -0.50

Table 5.45. Annual energy savings for exterior vertical fins (kWh/m2yr).

Vertical

Location Fins
Miami, FL 2.34
Houston, TX 0.93
Phoenix, AZ 1.57
Memphis, TN -0.59
El Paso, TX -0.62
San Francisco, CA -2.56
Baltimore, MD -1.28
Albuquerque, NM -2.51
Seattle, WA -1.01
Chicago, IL -1.54
Boise, ID -1.88
Burlington, VT -1.71
Helena, MT -2.04
Duluth, MN -2.57

Fairbanks, AK -1.58




Table 5.46. Annual energy savings for exterior vertical fins - international locations

(KWh/m2yr).
Vertical
Location Fins
Edmonton -0.02
Ottawa -0.86
Vancouver -1.01
Stuttgart -2.37
Copenhagen -2.47
Helsinki -2.47
Tampere -2.14
Lyon -2.69
Marseille -4.17
Nantes -1.86
Paris -4.18
London -1.03
Milan -2.29
Naples -1.85
Palermo -1.94
Rome -2.72

5.10 Energy Recovery Ventilator

Table 5.47. Annual energy savings for energy recovery ventilator (kBtu/sq ftyr).

Location ERV 60 ERV 70 ERV 80
Miami, FL 1.04 1.22 1.48
Houston, TX 5.50 6.36 7.25
Phoenix, AZ 4.37 4,98 5.63
Memphis, TN 10.23 11.83 13.42
El Paso, TX 7.07 8.13 9.18
San Francisco, CA 11.53 13.27 14.96
Baltimore, MD 15.61 18.08 20.53
Albuquerque, NM 11.56 13.35 15.13
Seattle, WA 15.54 17.94 20.29
Chicago, IL 19.70 22.80 25.88
Boise, ID 17.17 19.86 2251
Burlington, VT 23.38 27.07 30.71
Helena, MT 20.99 24.22 27.39
Duluth, MN 29.18 33.83 38.41
Fairbanks, AK 42.63 49.43 56.12

ECM Performance Data
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Table 5.48. Annual energy savings for energy recovery ventilator (kWh/m2yr).

Location ERV 60 ERV 70 ERV 80
Miami, FL 3.27 3.86 4.67
Houston, TX 17.33 20.06 22.85
Phoenix, AZ 13.78 15.72 17.74
Memphi