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ABSTRACT

High-efficiency condensing boilers have been available in the residential market for
many years, but consumer acceptance and market penetration has remained low. Furthermore,
there is a lack of confidence by many contractors and utilities about the energy savings
attributable to this technology over a non-condensing version-particularly in the retrofit market.

To address these concerns and uncertainty, our research team monitored thirteen
condensing boilers in Minnesota homes to characterize installed performance. Six of these were
installed up to seven years prior to the project and seven were installed using a Quality
Installation protocol developed during the project.

We have data on supply and return water temperature, flow rates, incidence of
condensing, and energy usage for all thirteen systems. These systems represent a variety of
single family residential installations with various brands, emitter types, zone set-ups, and
outdoor reset control installation and set points. These homes also represent a range of house
types and heating loads in Minnesota.

In this paper, we will discuss the usage and performance findings from this monitoring
and the impact of installation and recommissioning procedures on boiler performance. We will
show that condensing boilers in Minnesota homes are generally achieving high performance
without requiring a specialized site-specific installation. We will discuss the results of our market
analysis, including HVAC contractor and homeowner surveys and cost comparisons on over 70
installation bids. We will also include our recommendations for easy to implement Quality
Installation activities to improve system performance.

Introduction

This paper reports on Center for Energy and Environment’s (CEE) recently completed
Quality Installation and Retrocommissioning of High-Efficiency Condensing Boilers that was
supported by a grant from the Minnesota Department of Commerce, Division of Energy
Resources through the Conservation Applied Research and Development (CARD) program
(Olson and Schoenbauer Upcoming). Findings presented are from thirteen sites monitored during
the 2015-2016 and 2016-2017 heating seasons.

Background

There have been a few research projects aimed at understanding condensing boiler
operation and optimization. These studies have examined several potential issues and industry
concerns and have provided a technical basis for condensing boiler optimization measures. Much
of this work focuses on laboratory testing, house characteristics (including load and distribution
designs), and system types that do not directly apply to Minnesota’s residential market. This
work was used as a starting point to identify potential solutions, test them under Minnesota
conditions, and develop best practices.
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Cost Effectiveness

One of the common concerns of HVAC contractors and potential customers is whether
the large cost difference between condensing and non-condensing boilers is recouped in energy
savings. This question requires an analysis of both the efficiency of these systems as well as a
look at the incremental cost difference between condensing and non-condensing boilers.

Installation costs for condensing boilers tend to vary significantly by home, contractor,
and equipment manufacturers. This cost variability is far greater with boilers than it is with
forced air furnaces. Since cost effectiveness is a barrier to market transformation, we needed to
look at both the efficiency of the equipment and the variables that go into the installation costs.

Condensing Boiler Operation

Understanding the market concerns for actual efficiency versus rated efficiency, and the
potential opportunities for optimization, requires a discussion of the differences between
condensing and non-condensing boilers.

Condensing boilers are more efficient because they transfer more heat out of the
combustion gases and into the circulating water than non-condensing boilers. They do this by
utilizing a secondary heat exchanger that harnesses and effectively handles the energy from the
condensation process. Due to this design, it is optimal to have the combustion gases condense as
much as possible. In order to do this, the return water coming back from the room convectors
(radiators) must be low enough to allow significant heat transfer out of the gases below the
condensation point and into the circulating water.

In order to ensure low return water temperatures (<130°), there needs to be significant
heat transfer from the radiators into the home and/or low enough supply water temperatures. This
is not an issue in condensing forced air furnaces because the returning air temperature is always
below 130°. Much of the skepticism around the real energy efficiency of condensing boilers has
to do with these details and whether or not the systems are set up in a way to allow condensation
to occur on a regular basis.

In non-condensing boilers, it is very important to prevent condensation from occurring
inside a heat exchanger that is not designed or equipped to handle condensate due to corrosion
issues. Therefore, most supply water temperatures are set very high (180°F or more) in order to
keep return water temperatures from bringing the combustion gases below the condensation
point. This is in direct contrast to the goal for condensing boilers. Because of this, the theory is
that if an installation contractor sets the supply water temperatures or flow for a condensing
boiler the same as a non-condensing boiler (in other words, too high), the savings will be small
or non-existent.

Many HVAC contractors have concerns that if they lower the supply water temperature
of a condensing boiler system below the traditional 180°F in a retrofit from a non-condensing
system, the heating load won’t be met by the existing radiators. To have confidence in meeting
the heating load, it is much easier as an installation contractor to keep the supply temperature
high and sacrifice efficiency, than it is to do calculations on emitter capacity and heat load.

Methodology

First, we did market research to investigate barriers to wide market adoption. We did this
through in-depth interviews with HVAC companies as well as homeowners. These interviews
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focused on installation costs, and, individual perceptions regarding system performance,
reliability, and operations and maintenance. In addition to the interviews, we also analyzed
condensing boiler rebate data from utilities as well as installation costs across multiple
contractors and programs.
Next, we conducted field research in two phases. The first phase included homes that had
replaced their non-condensing boiler with a condensing boiler within the last five years (Phase I).
The second focused on customers interested in replacing their current non-condensing boiler
with a condensing boiler (Phase II). Although the data collection and analysis for these two
phases were very similar, we gleaned unique market insights and installation procedure details
by conducting the two phases. It also allowed us to perform detailed monitoring of systems
before and after optimization.

Field Research Site Selection

The project team developed site selection criteria for the field characterization. The goal
of the criteria was to select sites representative of Minnesota homes. Selection criteria were
developed around seven specific areas that have been shown to have the largest impact on boiler
performance and savings from increased boiler efficiency. For each category, an estimation of
the demographics in Minnesota was determined and the criteria in Table 1 (below) were set to
ensure that typical conditions were represented.

Table 1. Boiler site selection criteria

Desired Criteria

Heating loads

DHW integration

Emitter types

Installers

Major manufacturers
Controls
Sizing

Field Characterization

Target Selection

Select sites from a mix of the
heating load range expected in
Minnesota.

Minimum of 4 homes with
integrated DHW

A mix of cast iron radiators, in-
floor heating, low-mass radiators,
and baseboards

No more than 3 sites per installer,
max installers for phase I

At least 4 of the top 5
manufactures

Sites without outdoor resets (if
possible)

Sites with a range of emitter to
design load sizing ratios

Actual Selection

1% Quartile: 5 homes (38%)
2" Quartile: 3 homes (23%)
3 Quartile: 4 homes (31%)
4" Quartile: 1 home (8%)
Phase 1: With 3 of 6 (50%)
Phase 2: With 1 of 7 (14%)

4 of 13 cast iron radiator only
9 of 13 mix of emitters

Phase I: 5 installers

Phase II: 4 installers

Max 3 sites for a single installer
All tier 1 manufacturers

2 of 3 tier 2

All of tier 3

1 of 13 sites (phase I)

Ratios selected were between 1.1 and 3.6
(none with capacities below 1)

During the first heating season, we monitored the as-found performance of existing
condensing boilers in six sites (Phase I). This data helped determine the baseline performance of
condensing boilers installed without specific requirements in addition to the manufacturer’s
requirement and/or general installation practice.
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Once the as-found condition was fully characterized, a trained contractor and/or project
staff performed retro-commissioning on each boiler using a checklist based on existing research
(Arena 2013) (Landry et al. 2016), the as-found data analysis, and engineering calculations
(ASHRAE 2013, 2015) , in order to optimize performance. The optimization focused on
reducing the water temperature returning from the heating loop by optimizing the outdoor reset
curve and lowering supply temperature set points, modifying the water flow rate (as applicable),
and adjusting the supply water temperatures in the DHW loop, if present. We conducted the
optimization at these sites with an “adjust and measure” approach and, as more optimization
visits were conducted, the guidelines were finalized. The monitoring continued until we were
able to fully characterize the impacts of the retro-commissioning visit.

During the second heating season, we worked with seven different households and four
contractors to replace non-condensing boilers with condensing boilers (Phase II) using quality
installation (QI) guidelines developed in Phase 1. These QI guidelines again focused on
minimizing return water temperature through distribution set points and outdoor reset controls.
Once installed following these guidelines, we monitored the replacement condensing boilers for
at least one heating season. This phase allowed us to work with installation contractors more
closely to implement a quality installation and set-up procedure as a way to test the protocol for
ease of use. It also gave us the opportunity to look at multiple bids on the same home to see if
there were trends based on contractor, equipment choice, or home details.

Once both phases were complete, we compared data from the sites in Phase II to the as-
found and optimized conditions in Phase I sites.

Data Collection

Each home was fully instrumented with a residential HVAC data acquisition system that
was developed by CEE and successfully used on other field test projects. The system utilizes a
Campbell Scientific acquisition system customized to collect energy use, temperature, water
flow, runtime, and other system data. A high-resolution data collection interval was used (one
second) to capture short time-scale events. This logging interval strategy allows for efficient use
of short-term storage on the data logger with daily transmission by cellular modem or internet
connection each night. Table 2 details the data and instrumentation used at each site.

Table 2. Instrumentation deployed in field monitoring sites

Instrument Measurement Type Measurement Location

Heating supply water
Heating return water
DHW supply water (if applicable)
DHW return water (if applicable)

Immersion RTDs Immersion water temperature

Primary loop flow

DHW loop flow (if applicable)
Diaphragm gas meter Gas flow rate Boiler gas inlet

Individual zone supplies
Individual zone returns

Nutating disk flow meter =~ Water flow rate

Hydronic pipe temperature

Surface mount .
(as an approximation of water

thermocouples temperature) Individual emitter supplies
P Individual emitter returns
Thermocouples Air temperatures Ambient near boiler

1-4 ©2018 ACEEE Summer Study on Energy Efficiency in Buildings



Ambient in conditioned space
Ambient outdoors (if possible)
Circulation pumps

Current Transformers Runtime and Current measurements Boiler
Status switch On/off status Zone valves
D 11 fi h .
NOAA weather data s tZttiaorclo ected from nearest weather Outdoor air temperature

Retro-commissioning of Condensing Boilers

In all sites in Phase I, a retro commissioning process was used to identify opportunities in
system installation or operation for improved performance. At all sites, except site exist 06,
there were opportunities for retro commissioning. The commissioning process sought to identify
operational settings that led to higher delivered capacities than necessary. Increased capacities
result in higher water temperatures and shorter run times, less condensing, lower efficiency, and
increased energy usage.

The first opportunity was to adjust the outdoor reset curve, which sets the boiler supply
water temperature based on the outdoor air temperature. Matching the emitter capacity to the
house heating load over the full range of outdoor air conditions ensures minimum water
temperatures while also ensuring the house heating needs are met.

The second opportunity was for boilers designed and installed as combined systems to
meet heating and DHW loads. In these systems, the DHW system often operated at efficiencies
lower than optimal. By assessing the delivery heating capacity of the DHW heat exchanger and
knowing the storage volume of the system, a boiler DHW system can be sized as a standard
water heater. Following this procedure, opportunities were found to reduce the DHW capacity,
thus lowering water temperatures and flow rates leading to improved efficiency.

Analysis

Data from both phases was analyzed to determine annual energy consumption and
seasonal operating efficiency. Annual performance was compared between operation modes (as-
found and optimized), between phases, as well as to an estimated baseline (82% AFUE) boiler.
We also compared annual energy performance, runtimes, and installed efficiencies.

For the annual energy consumption analysis, we used an input/output method to compare
the performance of the systems and modes of operation. CEE used this method in previous
projects to compare annual energy use and the installed efficiencies of each system (Bohac et al.
2010; Schoenbauer 2013).

The data collection included additional parameters, such as boiler water temperatures,
outdoor air temperatures, and the temperature in conditioned space. These parameters were
anlyzed and used to refine the retrocommisioning tune up and quality installation guidelines, and
to deterime the impacts of various factors (runtime, water temperature, outdoor air temperature,
firing rate, etc) on cycle efficiency.
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Results
Market Assessment

Heating professional interview results. We conducted in-depth, in-person interviews with five
HVAC contractors and one prominent Minnesota equipment distributor about distribution of
forced air versus hydronic replacements, market trends, utility programs and current design,
installation, and set-up procedures by contractors.

The HVAC companies we interviewed primarily serve the Twin Cities metro area with
roughly 2% to 30% of the companies’ retrofit business being replacement hydronic systems
ranging from 15-50 installations per year. Condensing boiler replacements make up about 15%
to 50% of all hydronic installations by HVAC companies interviewed. All contractors reported
choosing replacement equipment brands based on reliability, affordability, and installer
familiarity.

All contractors stated the practice of using some form of whole house sizing calculation
method (only a few used an official Manual J). Most contractors sited use of outdoor reset
control as an external control device installed on condensing boilers. In addition, most
contractors stated some sort of adjustment to the reset curve at installation either according to
manufacturers’ recommendations or their own experience. None of the contractors sited using
emitter capacity calculations on a regular basis, unless there was a reason to be concerned about
under capacitance. No particular attempt was made by installers to ensure condensing occurs
most often.

Some contractors stated that they mostly encourage condensing boiler replacements on
non-condensing equipment, but others have concerns about payback and performance or are
indifferent, so the lower priced non-condensing option often wins the customer over. When
asked about customer satisfaction, most contractors stated a high level of customer satisfaction
with condensing boiler replacements—with only a few callback issues. All contractors stated
some level of concern and/or questions in terms of efficiency and payback. One contractor stated
that a lower price for condensing boiler installations would really help in their ability to sell this
technology.

Homeowner interview results. In addition to the contractor surveys, all 13 homeowner
participants completed an in-person or phone interview about their experience with the installed
condensing boilers. These systems were all replaced either within seven years of our project start
or as part of our project.

Most systems were replaced at the time of failure or as part of a larger remodel/retrofit.
Some homeowners were motivated by energy savings potential while others were sold by
contractors on advantages of condensing, including sealed combustion safety. Most participants
had expectations of energy/cost savings and improved comfort.

Two participants had minor issues with performance, and these have been remedied since
installation, including an issue with a side arm tank sensor and a gas pressure issue. All other
participants sited no issues with system performance.

Around half of the participants sited annual or semiannual maintenance practices, while
some participants sited no maintenance activities at all.

All participants that had experience with the older system said they had a sense that they
are saving energy and money with the condensing boiler. Four participants stated they’ve
analyzed their bills and have savings between 10% and 40%.

1-6 ©2018 ACEEE Summer Study on Energy Efficiency in Buildings



Comfort was either improved or the same as the previous system in all sites where
participants had experience with both systems. Eleven participants rated their overall satisfaction
as 5 on a scale from 1-5 (5 being the most satisfied). And all participants stated they would
recommend a condensing boiler to others based on the energy savings, home re-sale value,
reliability, and safety.

Installation cost analysis. We looked at 73 bids/invoices (45 non-condensing and 38
condensing) for 32 homes, including internal CEE loan data and research project bids. On
average, the difference in cost between condensing and non-condensing boiler installation is
around $2,300. This is taking all 73 bids/invoices and comparing the average non-condensing
price--$6,658 and the average condensing price--$8,944. We also looked at the price difference
when both were bid by the same contractor on the same job (10 homes) and this average price
difference was around $2,500. However, the range in price difference when looking at cost
comparison in this way was between $550 and $5,000.

We found that the ranges were much wider spread than that of their forced air
counterparts. The installation cost range for non-condensing boilers was $3,700-$13,000, and for
condensing boilers it was $5,700-$17,000. In examining these cost ranges, we excluded
additional costs for asbestos abatement, additional radiator installs and indirect water heater
tanks.

Additionally, we investigated just the difference in equipment costs between non-
condensing and condensing boilers. We did this by searching online for supplier product cost
data on equipment for six of the homes where non-condensing and condensing boilers were both
bid. This showed that the average equipment cost difference was around $1,000.

When looking at installations that included indirect water heaters, the average price for
including DHW was around $2,800. However, this price may be less in the future. The side-arm
tanks in this analysis were all double-walled tanks, which have been required by code in
Minnesota until recently. Single-wall-tanks are now being allowed in most Minnesota cities.
Interviewed contractors stated that double-walled tanks are about $1,000 more than single walled
tanks.

This analysis leads us to believe that pricing for boiler replacements is highly irregular
from contractor to contractor, system to system and household to household, whether or not the
bid is for condensing or non-condensing, but especially for condensing replacements. It also
indicated that the bulk of the average price difference is in soft costs, including labor.

Field Study Performance

As-found performance. The system performance was calculated from the measured data
continuously through the monitoring period. The first analysis of the project was to determine
the as-found performance of the Phase I boilers. Figure 1 shows the daily efficiencies from each
of the phase I boilers in the as-found condition. Each of the six sites had daily data collected
through a full calendar year. All boilers provided heat for space heating in each home and sites
exist 01, exist 03, and exist 05 also provided heat for domestic hot water (DHW) through the
use of indirect water heaters. Operation for DHW had significantly lower efficiencies than the
space heating operation. DHW efficiency was lower than space heating operation due to higher
water temperatures and flow rates. DHW systems were designed to ensure maximum capacity
with simple systems, which limited the temperature drop and increased the return water
temperature. Sites with combined space and water heat had daily efficiencies that dropped below
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80% when outdoor temperatures were warm enough that no space heating was required. DHW
loads are smaller than design heating conditions. On very cold days lower DHW efficiencies had
only a small impact on the overall system efficiency, while in warmer weather, the impact was
greater.
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Figure 1. Daily efficiency of the as-found boilers (phase I)

Overall the as-found operation had better than expected space heating performance. The
vast majority of days had space heating efficiencies of 85% and above. Table 3 shows the annual
performance of as-found operation for the previously installed boilers in Phase I. The space
heating efficiencies were between 86% and 95%, with an average annual efficiency of 90%.
While slightly lower than the rated AFUE (average AFUE was 94%) these installed efficiencies
are in line with the expected efficiencies of well installed systems. Actual measured efficiencies
are different than ratings specifications that are measured in controlled laboratory environments
(Hoeschele and Weitzel 2013). Based on these finding the as-found condensing boilers would
expect to save 14% annual heating energy consumption over a baseline boiler installation.

Table 3. Summary results from as-found performance of existing condensing boiler installations

Heating Load DHW Load Space Heating DHW Operating

Sites (therms/yr) (therms/yr)  Efficiency Efficiency  Cost* ($/year)
exist 01 1111 135 86.2% 62.6% $1,001
exist_02 745 N/A 88.4% N/A $669

exist 03 485 85 90.5% 76.1% $429
exist_05 421 66 90.3% 74.6% $372

exist 06 636 N/A 95.1% N/A $535
exist_07 644 N/A 89.0% N/A $579

*This table assumes a natural gas cost of $0.80 per therm
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Further analysis of the as-found boilers identified three main contributing factors to the
energy efficient operation. Those factors were emitter types and sizes, outdoor reset, and boiler
water temperature control.

Emitters. Most boiler installations occur in existing homes with hydronic heating systems that
were designed to work before condensing boilers were available. These systems typically relied
on high water temperatures to achieve the necessary heating capacities. In the Minnesota metro
areas, these distribution systems typically relied on large cast iron radiators. Newer hydronic
distribution systems typically have emitters that rely on lower water temperatures, such as
radiant panels and in-floor heat (Figure 2).

High-efficiency boiler operation requires return water temperatures to be less than 130°F.
Emitter characterization for this project found that the older cast iron radiators were typically
sized with a large safety factor to ensure they could meet the heating needs of the home.
Additionally, homes with hydronic heating are typically older. Therefore, when the distribution
was designed, it relied on less efficient equipment. Over time rising equipment efficiencies,
improvements to the home, and the conservative design resulted in the radiator systems being
over-sized. For these reasons, the water temperatures can reliably be reduced and still meet the
load of the home.

In addition, newer emitter types (radiant panels and in-floor heating) are designed to
work at lower operating temperatures, which allow the boiler to operate at high efficiency.

a)

Figure 2. Most common emitters found in Minnesota homes include a) cast iron radiators and b) low temperature
radiant panels and in floor heat

Outdoor reset control. The reset is a control strategy for condensing boilers that reduces the
target boiler supply temperature based on the outdoor air temperature measured by the system.
The capacity of the boiler scales with the house heating load. Reducing the target supply water
temperature also reduces the return water temperature, increasing boiler efficiency.

Figure shows a typical reset curve and the four operational parameters that can be
changed and optimized for individual installations. The four control points allow the installer to
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set the coldest and warmest days, as well as the corresponding target water temperature at those
outdoor temperatures.

Outdoor Reset Curve
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Figure 3. Typical boiler reset curve

Water temperature control. The analysis also showed that condensing boilers had operational
controls and methodologies that helped ensure high performance. Figure 4 shows a time-series
plot of the supply water temperature for individual heating cycles at site exist 7. The plot shows
that for each heating cycle the supply water temperature started at temperatures below 100 °F
and then slowly ramped up to the target set point temperature. At an outdoor temperature of
30°F, the boiler took about 30 minutes to reach the target temperature. At 0°F, it took over 100
minutes to reach the target. Additionally, the chart shows that for lots of events, the boiler turned
off before reaching the target temperature. This control strategy means that the system was
meeting the load of the home at lower water temperatures than if the temperatures quickly went
to the target. This strategy results in lower return water temperatures and high efficiencies.
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Figure 4 Time-series plot of the supply water temperature for each heating event of site exist 07

The combination of the emitter sizing, outdoor reset, and supply water control lead to low
return water temperatures in each of the as-found Phase I boilers. The low water temperatures
resulted in the high space heating efficiencies shown in Figure 1and Table 3. Figure 2 shows the
average performance across the range of return water temperatures for exist 7, a typical site. At
the lowest return temperatures, between 80 and 90 °F, the boiler saw its highest efficiencies of
97.5%. These low heating return water temperatures were found across all of the Phase I boilers
(Figure 3).
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Figure 2. Average heating efficiency per return water temperature bins at Site exist 7
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Optimization Performance

Opportunities for both space heating and water heating performance improvements were
evaluated as part of Phase I of this project (Olson and Schoenbauer Upcoming). In general the
identification and optimization process were time consuming and required specific knowledge or
measurement of parameters in each system. For example, the space heating optimization required
a full measurement and calculation of the emitter capacity at a range of operating conditions.
These measurements and calculations are not difficult, but are time consuming.

While difficult to do, the optimization did show improved efficiency and reduced energy
consumption in all cases. However, the effort, time, and measurements needed to make these
optimizations did not justify the amount of energy savings they delivered. This was because the
improvement was relatively small at 2% to 3%, but also because these systems already had very
good energy efficiency performance without optimization, limiting the opportunity for impact.

Phase I1: Quality Installation Performance

Seven sites were selected and had condensing boilers installed following a QI procedure
based on the lessons learned from Phase I of this project. The same instrumentation and data
collection package used for Phase I was also used in Phase II. Data was collected and analyzed
for one full heating season and the performances of the newly installed boilers were compared to
the results from Phase I and baseline systems.

The quality installation procedure was developed based on the as found and optimized
performance of the boilers from Phase I. The project team found that the best practice would be
to follow the manufacturer’s installation requirements and ensuring that:

o The maximum firing rate of the boiler should be sized according to ACCA Manual J

(Rutkowski and Air Conditioning Contractors of America 2006), while minimizing the
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minimum firing rate. This should be achieved by selecting a boiler with a reasonable
turn-down rate.

o The outdoor reset control has been installed to the manufacturer’s specifications.
Specifically ensuring that the exterior temperature sensor has the required clearances and
is installed so that it will make a reasonable measurement of the outdoor temperature.

o The outdoor reset curve is set for the appropriate distribution system in the home. Figure
4 shows a generic version of the outdoor reset guidance used for this project. The coldest
day set point should be based on the installation location and design temperatures and the
minimum and maximum supply water temperatures should be set according to the emitter
type. Most manufacturers provide specific guidance in the installation documentation.
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Figure 4. Generic outdoor reset curve guideline

Phase II monitoring and results had nearly identical performance to Phase I boilers. For
Phase II, the average annual space heating efficiency was 89.3% compared to 90.0% for Phase 1.
This characterization validates the QI measures for ensuring installed performance capable of
achieving the expected savings above baseline. Table shows the measured results for each newly
installed boiler. As expected, the operating costs increase proportionally with the homes’ load,
but efficiency remains consistent.

Table 4. Annual performance results from Phase II monitoring (new installations)

Sites

new 01
new 05
new 08
new 10
new 11
new 12
new 16

Heating Load
(therms/yr)
1033

616

656

549

740

778

1259

DHW Load Space Heating

(therms/yr)

N/A
N/A
44

N/A
N/A
N/A
N/A

Efficiency
89.0%
89.5%
88.2%
89.9%
88.2%
89.1%
91.1%
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DHW
Efficiency
N/A

N/A
76.8%
N/A

N/A

N/A

N/A

Operating Cost*
($/year)

$938

$551

$641

$488

$671

$699

$1,106
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Comparing All Modes

Both as-found and optimized boiler space heating performance was compared to the
installed performance of the Phase II newly installed systems. Figure 5 compares the efficiency
for all these systems. The figure shows that all the measured efficiencies were fairly consistent,
ranging from 86% to 96% with an average annual efficiency of 90%. Additionally the
performance of a typical baseline system was also included for comparison. This baseline was
created from the average estimated performance of the typical baseline system and validated
against a billing analysis for the systems prior to the Phase II installations.

Only three of the as-found systems were optimized. Both Exist 05 and Exist 06 were
already set up for the lowest return water temperatures possible. Exist 06 had the highest annual
efficiency (95.1%) measured across all sites. Exist 05 had slightly higher return water
temperatures than Exist 06, but emitter capacity, existing supply temperature settings and house
load were such that further optimization was unlikely to result in significant changes in system
performance. Exist 03 was optimized for DHW performance and not space heating performance.
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Figure 5 . Space heating efficiency for all sites
Savings Results

All of these systems had space heating efficiencies near 90% and showed annual energy
savings between 10% and 18% over a baseline boiler. Table 5 shows the annual cost and
percentage savings.

Table 5. Summary of annual results
Design Load (BTUs/HR) Annual Savings over

Site (Outdoor Temp of -11 °F)  Baseline ($/year) Percent Savings
exist 01 — as found 49,123 $108 10%
exist 02 — as found 32,581 $95 12%
exist 03 — as found 23,606 $69 14%
exist 05 — as found 19,762 $59 14%

1-14 ©2018 ACEEE Summer Study on Energy Efficiency in Buildings



exist 06 — as found 29,490 $117 18%

exist 07 — as found 27,670 $82 12%
new 01 46,230 $122 12%
new_ 05 25,492 $81 13%
new 08 26,397 $88 12%
new 10 25,727 $74. 13%
new 11 31,746 $88 12%
new 12 32,354 $100 12%
new 16 43,332 $185 14%

Cost Effectiveness Conclusions

According to our savings analysis above, the average heating savings for the participant
households with condensing systems over non-condensing systems is 13%, with an average
yearly cost savings of $97.54. So, in order to have a simple payback of 25 years or less (typical
lifetime of boilers), the price difference between condensing and non-condensing boilers needs
to be around $2,500. In order to have a 10 year payback, the price difference needs to be around
$1,000

This cost analysis shows that, on average, the difference in installation price is close to
the 23 year simple payback mark, but an individual bid for a particular homeowner may prove to
be a shorter or longer payback, due to the wide range of the price difference in the market.

Research on supplier cost data shows the cost differences between non-condensing and
condensing boilers (just equipment costs) points to a fairly small hard cost difference of $1,000
and also suggests that the larger cost difference is in the labor/soft costs side of things.

Our savings results for side arm or integrated DHW over a baseline power vented DHW
unit is quite small if present at all. So, as long as the side arm or integrated tank cost is similar to
a power vented unit (around $2,000 installed), it may make sense to replace an existing separate
DHW with a combined unit for space saving or venting reasons. However, this does not appear
to be cost effective for energy savings at the current average cost of $2,800.

References

Arena, L. 2013. “Condensing Boilers— Control Strategies for Optimizing Performance and
Comfort in Residential Applications.” Measure Guideline KNDJ-0-40342-00. Building
America. Washington, D.C.: Prepared by Steven Winter Associates, Inc. of the
Consortium for Advanced Residential Buildings Team, for Building America.
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CCsQF
JAA&url=http%3 A%2F%2Fwww.carb-swa.com%2F539ce292-c783-41c0-8809-
e70eelf7a75t%2Fdownload. htm&ei=XKWTUtT4MtProASg14KIBQ&usg=AFQjCNErk
vGnk3VcIDQYP20S5U6164btqw&bvm=bv.56988011,d.cGU.

ASHRAE. 2013. ASHRAE Handbook: Fundamentals. 2013thed. ASHRAE Handbook. Atlanta:
Ashrae.

ASHAE. 2015. ASHRAE Handbook: HVAC Applications. ASHRAE Handbook. Atlanta, GA:
ASHRAE.

©2018 ACEEE Summer Study on Energy Efficiency in Buildings 1-15



Bohac, David, Ben Schoenbauer, Martha Hewett, Mary Sue Lobenstein, and Thomas Butcher.
2010. “Actual Savings and Performance of Natural Gas Tankless Water Heaters.”
Research Final Report. Minneapolis, MN: Center for Energy and Environment.
http://mncee.org/getattachment/f1b02561-9854-4b82-85e¢2-5e6c9¢ef728ee/.

Hoeschele, M., and E. Weitzel. 2013. “Expert Meeting Report: Exploring the Disconnect
Between Rated and Field Performance of Water Heating Systems.” Expert Meeting
Report. Building Technologies Program. Washington, D.C.: Building America.
http://apps]1.eere.energy.gov/buildings/publications/pdfs/building_america/expt mtg_rate
d_field waterheaters..pdf.

Landry, Russ, Di Sui, Josh Quinell, Andrew Lutz, Neal Ray, Emmy Waldhart, Dave Bohac, and
Helen Booth-Tobin. 2016. “Commercial Condensing Boiler Optimization.” Final Project
Report COMM-03192012-55472. Conservation Applied Research & Development
(CARD). Minneapolis, MN: Center for Energy and Environment.
https://www.mncee.org/resources/projects/condensing-boiler-optimization/.

Olson, Rebecca, and Ben Schoenbauer. Upcoming. “Quality Installation and
Retrocommissioning of High-Efficiency Condensing Boilers.” Final Project Report.
Conservation Applied Research and Development Research Program. Minneapolis, MN:
Center for Energy and Environment.

Rutkowski, Hank, and Air Conditioning Contractors of America. 2006. Residential Load
Calculation: Manual J. 8thed. Arlington, VA: Air Conditioning Contractors of America.
http://www.acca.org/technical-manual/manual-j/.

Schoenbauer, Ben. 2013. “Performance and Optimization of Residential Condensing
Combination Space and Water Heating Systems.” Webinar presented at the [X Webinar,
Minneapolis, MN, April 23. http://mncee.org/Innovation-Exchange/Resource-
Center/Webinars/Performance-and-Optimization-of-Residential-Conden/.

1-16 ©2018 ACEEE Summer Study on Energy Efficiency in Buildings




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


