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a b s t r a c t
As the size of buildings and demands on large centralized heating and cooling systems increases concurrent with rapid worldwide urbanization, the energy impact of hydronic distribution systems will
become increasingly important in reducing greenhouse gas emissions. Further, in the U.S., the growth
in multi-family buildings and the share of residential units in large multifamily buildings is far outpacing single-family construction. This paper describes a study of the pumping energy requirements of an
urban 23-story mixed-use, primarily multifamily residential building before and after a suite of energy
conservation measures. The retroﬁt focused on waterside technologies: Variable frequency drives (VFDs),
constant and variable speed pumps, and pressure-independent control valves. In the original building,
the central pumping equipment was found to be responsible for 55% of total annual owner-metered
electricity usage and 29% of all annual owner-paid utility bills. Using extensive in-situ monitoring and
analytical models developed for this effort, the full retroﬁt was computed to achieve a 41% reduction
in annual central pumping electricity, representing an annual savings of 12% of all owner-paid energy
bills. The most signiﬁcant energy impact is attributable to the VFDs, and it can be inferred that additional
savings could be achieved by installing VFDs on constant speed pumps.
© 2016 Elsevier B.V. All rights reserved.

Buildings account for 41% of total U.S. primary energy usage
[1]. Space conditioning (heating and cooling) and domestic hot
water (DHW) represent more than 46% of primary energy usage
(sometimes referred to as “source” energy) attributable to buildings. Multifamily residential buildings are fast becoming a critical
component of this landscape: A 20 billion square feet increase in
total U.S. multifamily residential ﬂoor area has been projected by
2021 relative to the 2011 building stock, compared to a 4 billion
square feet decrease in total U.S. single-family residential ﬂoor area
[2]. The potential complexity of multifamily building mechanical
systems is of particular interest as the size of individual buildings
increases: In 2014, 48% of all new multifamily residential units in
the United States were in buildings that contain at least 50 residential units; 20 years earlier, the equivalent value was 8% [3].
With steam-based space heating systems difﬁcult to deploy in
complex structures [4] and not ideal for the heterogeneous loads of

mixed building uses, the adoption of more ﬂexible and controllable
hot water distribution systems (i.e. hydronic systems) requires
pumps to circulate the water [5]. Chilled water can also be similarly
distributed to thermal zones from central mechanical refrigeration
plants in large buildings [6].
With rapid worldwide urbanization [7], and the attractiveness
and potential beneﬁts of higher density living [8], new construction
in cities is increasingly tall multifamily and mixed use buildings.
According to data available from New York City [9], 49% of total
citywide building ﬂoor area is in multifamily residential and mixed
use buildings; 18% of total citywide building ﬂoor area is in highrise1 multifamily and mixed use buildings. In Manhattan, a highdensity area and possible harbinger of future urban development,
37% of all building ﬂoor area is in high-rise multifamily and mixed
use buildings.
The energy required to operate pumps across the building stock
and for individual building types is difﬁcult to estimate; one study
commissioned by the U.S. Department of Energy estimated that 3%
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1
Throughout this paper, seven stories is used as the threshold for a high-rise
building based on the NFPA Life Safety Code deﬁnition as a “building with an occupied ﬂoor located more than 75 feet above the lowest level of ﬁre department vehicle
access” [46]. NFPA itself has used the seven story assumption in publication [47].

1. Introduction
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of all U.S. HVAC energy consumption is used by pumps [10,11], but
this likely signiﬁcantly underestimates the requirements for large
buildings and hydronic systems. A report by the U.S. Department
of Energy’s “Building America” program identiﬁed determining the
electricity requirements for pumping in hydronic heating systems
as a current research gap [12].
System complexity, the hydraulic response to highly variable
loads, efﬁciency of individual pieces of equipment, interrelated
effects of individual system components, and the tendency to
apply large factors of safety in the design phase (i.e. oversizing
equipment) all provide challenges to improving system energy performance, particularly in existing buildings [13,14].
This paper examines the energy effects of a suite of waterside
retroﬁts in an urban high-rise mixed use (primarily residential)
building’s heating, cooling and DHW systems through analysis of
extensive monitoring time series data. The paper ﬁrst provides a
review of recent research into the types of systems and equipment
studied (Section 2). Section 3 describes the methodology, including study building description, experimental setup and analytical
approach. Section 4 presents the pertinent results, and Section 5
discusses the implications of the paper’s ﬁndings. In Section 6, conclusions from the current effort are offered, as well as needs for
further research.

mating the pressure drop in the system under full load conditions.
In estimating the zonal heating and cooling loads, a safety factor of
at least 10% is typically applied, leading to larger terminal units [23].
Further, a building with many terminal units and/or proportional
control valves is unlikely to ever be at the design load. Another
safety factor is applied to the pressure drop after estimating losses
at the design ﬂow rate [24]. These safety factors and overestimates
are compounded when determining the pump power required. The
pump may be further oversized due to nominal equipment sizes
and a pump size factor of safety. The result can be a far larger pump
than needed for the actual system [25,26].
Pump oversizing can have signiﬁcant impacts on energy performance throughout the hydronic system, including excessive pump
motor electricity draw and low power factor, reduced heat transfer
effectiveness of heating and cooling coils, and lower chiller efﬁciency [26,27].
Reducing the speed of the pump shaft can reduce the ﬂow rate.
The potential energy savings from this approach are exponential
due to the pump afﬁnity laws, relationships among water ﬂow
rate, V̇ , differential pressure, p, and pump power, Pp , at different
rotational speeds, n1 and n2 ,:
V̇2
V̇1

2. Background
Given publication space limitations, a detailed review of the systems and technologies investigated is not possible here; however,
we provide a summary of research relevant to the effects studied.
2.1. Hydronic systems
Where dynamic hydronic systems for actual buildings have been
analyzed, they have been limited to simple single-family residential construction [15] or models that have been evaluated without
experimental validation [16,17]. The underlying theories of pipe
network ﬂow and pressure behavior and methods for solving them
are well established [18]. These approaches have been extended
to numerical models to solve the hydraulic equations associated
with thermal hydronic networks as the system responds to loads
changes [19–21]. A more integrated approach has also been studied
in a laboratory setting in which the heat exchanger network acts
as an emulator in a “hardware-in-the-loop” simulation, responding to the model and allowing for more tuning [22]. These studies
have shown good agreement between predicted and actual performance; however, they have been limited to simpliﬁed laboratory
heat exchanger networks for validation. There is a clear research
gap for the evaluation of hydronic systems for actual large buildings.
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The afﬁnity laws rely on the assumption that the pump efﬁciency does not change with speed and are generally accurate at the
speeds seen in centrifugal pumps in building applications [28,29].
2.3. Variable frequency drives
The most common method of varying the speed of a pump is a
variable frequency drive (VFD), which reduces the frequency of the
electricity supply to an AC motor. The energy savings from VFDs
can be overestimated [30], primarily because a small amount of
electricity is needed to operate the VFD and the motor efﬁciency
can decrease at reduced motor load/speed [31].
Previous studies of VFDs that identify deviations from the afﬁnity laws focus on control schemes in existing variable ﬂow systems
rather than system design effects [17,32,33]. VFDs are typically controlled to maintain a differential pressure set point at some point
hydraulically distant from the central plant equipment or across
the main supply and return lines of the distribution loop, though
more complex control strategies have been investigated to minimize energy usage or costs [32,34].
The beneﬁts of VFDs for motors have been well documented for
a wide range of applications [35], including several pumping applications: building heating and cooling systems [36,37], distributed
heating systems [38] and industrial applications [39].

2.2. Centrifugal pumps

2.4. Flow control valves

The operating point of a hydronic system, deﬁning the differential pressure, p, and the water ﬂow rate, V̇ , is the intersection
of the pump curve and the system curve. The pump efﬁciency, p ,
and to a lesser extent, the motor efﬁciency, m , also depend on
this operating point. The system curve changes with load changes;
however, the pump curve is ﬁxed for a constant speed system.
The hydraulic power (commonly “water horsepower”), Ph , the
pump power at the shaft (commonly “brake horsepower”), Pp , and
the motor electric power, Pm , are related by:

Many types of valves are available for hydronic systems that
offer a range of responsiveness to changes in system state and of
control by building operators and BMS [40]. Flows through basic
venturi valves and standard calibrated balancing valves can ﬂuctuate widely during system operation. As loads ﬂuctuate throughout
a building, increased local pressures result in corresponding local
ﬂow increases. Pressure dependent control valves (PDCVs) can be
adjusted (e.g. in response to a thermostatic sensor and control), but
still respond with excessive ﬂow to increased system pressure [41].
Pressure independent control valves (PICVs) offer the ability to
control the ﬂow rate set point through the BMS or local temperature sensor-control [42]. While manufacturers perform laboratory
tests to determine valve accuracy and hysteresis effects, in-building
energy effects of PICVs have not been studied.

Pm =

Pp
Ph
V̇ p
=
=
m
m p
m p

(1)

This paper is primarily concerned with the electricity required
to drive pumps. Selecting a pump for a new building requires esti-
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3. Methodology
The research effort described in this paper included extensive monitoring of pre- and post-retroﬁt systems and analysis
of analysis of the monitoring data to evaluate the effects of the
HVAC modiﬁcations on system hydraulics and pumping electricity.
Except where speciﬁcally noted, the approach to the chilled water
(ChW) and hot water (HW) systems was identical.
3.1. Experimental setup
The study building is a 23-story mixed-use, primarily multifamily residential building with approximately 137,000 sq. ft. of
occupiable ﬂoor space, located in Manhattan, New York, NY. Floors
one and two are occupied by an array of commercial uses and
the residential lobby; ﬂoors three through 21 contain 39 residential units and common hallways; and ﬂoors 22 and 23 house the
building’s central mechanical plant, elevators and other building
equipment. The building is primarily clad in glazed curtain wall.
3.1.1. Original mechanical systems
The study building has a centralized hydronic system for heating, cooling and domestic water heating; the original HW system
was constant-primary/constant-secondary (CPCS) and the original
ChW system was constant primary only (CPO). The building’s 22nd
ﬂoor central plant, shown in Fig. 1, contains most of the hydronic
system’s central equipment: Two absorption chiller-heaters units
capable of providing hot and chilled water (CH-1 and CH-2), two
boilers (B-1 and B-2), three primary HW pumps circulating water
through the chiller-heaters (P-10, P-11 and P-12), three primary
HW pumps circulating water through the boilers (P-13, P-14 and
P-15), ﬁve distribution pumps (P-1 through P-5), and three condenser water pumps (P-6, P-7 and P-8) circulating water between
the chiller-heaters and cooling towers on a roof one story above
(CT-1 and CT-2).
The HW system includes three secondary loops: One space heating hot water (HW-SH) loop and two HW loops feeding the internal
coils of storage water heaters (these hot water ﬂows are designated
“HW-DHW”). Two dedicated pumps (P-4 and P-5) draw HW from
the primary loop and can circulate water through any of the secondary HW loops. HW-SH is distributed to 181 FCUs and nine AHUs
through a reverse return distribution system of eight risers. HW
Flow to each AHU is controlled by a modulating valve or a two-way
valve. The HW-DHW is distributed to two storage water heaters
serving the upper half of the building and two storage water heaters
serving the lower half of the building.
Two dedicated pumps (P-1 and P-2) circulate ChW through the
chiller-heaters and, through a reverse return distribution system
parallel to that of the HW-SH secondary loop, to 181 FCUs and
12 AHUs. ChW ﬂows at terminal units are controlled in the same
manner as HW-SH ﬂows. P-3 and serve any of the secondary loops.
Appendix Table A1 summarizes relevant AHU information.
Appendix Table A2 summarizes relevant central plant pump information.
3.1.2. Retroﬁt description
A retroﬁt of the original mechanical system was completed
between February 17 and September 16, 2015. The retroﬁt of the
central plant is shown in Fig. 2 and included the following scope:
3.1.2.1. Chilled water primary/secondary. ChW piping was modiﬁed
to separate the ChW system into a primary loop and a secondary
loop. Two new pumps were installed with P-16 and P-17 circulating
ChW through CH-1 and CH-2, respectively.
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3.1.2.2. Pump replacement. All existing central plant pumps were
replaced with smaller and/or more efﬁcient pumps. In the new
arrangement, P-4 is dedicated to HW-SH and P-5 is dedicated to
HW-DHW.
3.1.2.3. Variable frequency drives. VFDs were installed on all secondary loop pumps (P-1 through P-5). The speed of ChW pumps
P-1 and P-2 is controlled to maintain a set point pressure differential across a hydraulically distant point on the basement level.
The speed of HW-SH pump P-4 is similarly controlled to maintain
a set point pressure differential across a point on the HW loop. The
speed of HW-DHW pump P-5 is controlled to maintain a set point
pressure differential in the lower zone DHW room on the basement
level.
3.1.2.4. Air handling unit pressure independent control valves. PICVs
were installed on the hot and chilled water lines of AHUs 1 through
5. A limited selection of AHUs was used to be able to install and
control the new ChW PICVs in parallel to the existing control valves
within the project budget. These ﬁve AHUs’ total design water ﬂow
rate represent 28% of the building’s total design ChW ﬂow rate (and
23% of the total design cooling load). It is expected that during times
of the year when the building’s cooling load is low (e.g. in the winter), these percentages will be higher because some of these AHUs
will be in use throughout the year whereas the residential FCUs are
unlikely to be.
3.1.2.5. Domestic hot water pressure independent control valves.
PICVs were installed on the HW-DHW intake lines at each DHW
storage water heater and controlled to call for HW-DHW when the
potable DHW water send temperature fell below a set point.
3.1.3. System monitoring
The sensors and related equipment used were limited to existing chiller plant sensors and noninvasive equipment. All data was
logged at one-minute intervals and accessed through a new building management system (BMS).
Ultrasonic ﬂow meters were installed to measure the volumetric
ﬂow rate of (1) the ChW distribution/secondary loop supply and (2)
the HW-SH secondary loop supply.
The differential pressure (p) was measured (1) across the
pump assembly of P-1 through P-5, (2) between the supply and
return of the ChW and HW-SH distribution loops, and (3) across
the ChW coils of AHUs 1 through 3. An ultrasonic ﬂow meter was
installed temporarily at each of the three AHUs for which differential pressure measurements were continuously monitored (Item 3
in the previous sentence); a manual balancing valve was adjusted
and the resulting ﬂow-pressure relationships were used to estimate
the water ﬂow rate using continuous p monitoring data.
Existing thermistors were used to monitor the temperature of
(1) the supply and return of the ChW and HW-SH distribution loops
and (2) various points in the central plant. In addition, surfacemounted thermocouples were installed at the ChW supply and
return of AHUs 1 through 3.
The ChW valve control signals at AHUs 1 through 3 were integrated into the new BMS and logged.
The electricity draw was measured at the three-phase electrical
supply to P-1 through P-5. In the post-retroﬁt monitoring, these
electricity measurements included the VFD for each of the ﬁve
pumps.
During the post-retroﬁt monitoring phase, the ChW system was
operated in four states by setting the VFD to auto or bypass (i.e. 100%
pump speed). The modiﬁed system is able to operate with either
the original PDCVs or the new PICVs at the subset of ﬁve AHUs at
which the PICVs were installed. Table 1 describes each post-retroﬁt
state.
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Fig. 1. Schematic of original central mechanical plant equipment, pumps and water ﬂows.

Fig. 2. Schematic of post-retroﬁt central mechanical plant equipment, pumps and water ﬂows. Hatch patterns indicate new pumps. Clouded area indicates new piping to
create chilled water primary loop.

Table 1
Chilled water operating states during monitoring.

3.2. Analysis

Scenario

Pump

VFD

AHU Subset Valves

Pre-Retroﬁt
State A
State B
State C
State D

Original
Replacement
Replacement
Replacement
Replacement

N/A
Auto
Auto
Bypass
Bypass

Original
PICVs
Original
PICVs
Original

The time-varying building thermal load was used as a benchmark for comparing the distribution energy in the post-retroﬁt
states and the pre-retroﬁt state. The thermal load (i.e. heating or
cooling load) is computed from the water volumetric ﬂow rate, V̇ ;
the difference between water distribution loop return temperate,
Tr , and supply temperature, Ts ; and the water’s density, , and speciﬁc heat, cp . The load cannot be calculated at a given one-minute
time step, t, due to the time required for water to pass through
the hydronic system. An earlier study found that uncertainty in
thermal response of hydronic systems approaches zero at one-hour
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time steps [43]. As such, the hourly load, Q̇h , is calculated over the
number of time steps,  h , in the hour, h:
1
cp V̇z,t (Tz,r,t − Tz,s,t ), z = ChW
h
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electricity required to operate the VFD itself, the following relationship was used for post-retroﬁt States A and B:
PChW,dist,var = ˇ1 + ˇ2 Q̇h + ˇ3 Q̇h3

(8)

(3)

where ˇ = (ˇ1 , ˇ2 , ˇ3 ) is a vector of constant coefﬁcients determined
by linear regression using the base statistical package in R.

Similarly, the average electric power draw of the distribution
pumps was computed for each hour, Pdist,h , from the measured
power draw, Pdist,t :

3.2.2. Estimating pump power at loads beyond monitoring range
The pump power consumption for higher loads, outside the
range captured in the monitoring periods, is necessary to characterize the annual operation of the system. A two-step approach is
used:

t ∈h
Q̇h = { 1 
cp V̇z,t (Tz,s,t − Tz,r,t ), z = HW-SH
h
t ∈h

Pdist,h =

1
Pdist,t
h

(4)

t ∈h

In Eqs. (3) and (4),  h is not necessarily 60 min due to some data
gaps; only hours with at least 31 min of data were used for these
computations and related analyses.
While the actual pump power at speciﬁc loads in the time series
can be compared directly from the monitoring data and Eqs. (3) and
(4), the total annual pumping electricity for each scenario to meet
all loads is desired. This presents two separate problems:
1 Determining the electricity required to operate the pumps at
other times when the load is within the ranges captured in the
monitoring periods.
2 Projecting the electricity required to operate the pumps at higher
loads than those captured in the monitoring periods.
The maximum thermal load in the monitoring periods, delineating the boundary between these two approaches, is deﬁned as
the transition point, Q̇TP .
3.2.1. Estimating pump power at thermal loads within
monitoring range
A statistical approach, based on the behavior of hydronic systems, was used to approximate general relationships for pump
power vs. load for loads within the ranges captured in the monitoring periods. For constant speed operation, differential pressure
across the pump (head), ppump , is related to water ﬂow rate, V̇ ,
by the following general formulation, where c1 and c2 are some
system-speciﬁc constant coefﬁcients:
ppump = c1 − c2 V̇ 2

(5)

Though the thermal load is not perfectly proportional to the
water ﬂow rate, the relationship in Eq. (6) was found to provide
a satisfactory ﬁt to the data for the pre-retroﬁt pump and postretroﬁt States C and D:
Pdist,const = ˛1 + ˛2 Q̇h − ˛3 Q̇h3

(6)

where ␣ = (˛1 , ˛2 , ˛3 ) is a vector of constant coefﬁcients determined
by linear regression using the base statistical package in R [44].
With the VFD in operation, differential pressure across the pump
(head), ppump , is related to water ﬂow rate, V̇ , by the following,
where c1 and c2 are some system-speciﬁc constant coefﬁcients2 :
ppump = c1 + c2 V̇ 2

(7)

With the same assumption that water ﬂow rate is closely correlated with load and allowing for efﬁciency effects, including the

2
This relationship does not apply when the VFD operates at its minimum frequency (30% pump speed) as the differential pressure at the VFD pressure sensor
exceeds the set point.

1 The hydraulic behavior (ﬂow-pressure relationship) of the system is projected at higher loads.
2 The pumping electricity required to serve the hydraulic system
characteristics identiﬁed in Step 1 are computed.
The general equation for a hydronic system curve is given by the
following:
p = kV̇ 2

(9)

The characteristic constant of the system curve, k, is correlated
to load changes as valves in the system open, close and modulate.
Because the system hydraulics can change rapidly, it was necessary
to investigate system curve changes at the highest time resolution
possible, the one minute time step at which data was recorded.
The system curve constant generally decreases with increasing
load; however, this behavior is both non-linear and is inﬂuenced
by the distribution of loads in the system. The variation of system
curve constant in response to the system load, Q̇ , can be shown to
have an upper bound, kupper , and a lower bound, klower , as functions
of the system load.
kupper = c1 +
klower = c4 +

1
(c2 + c3 Q̇ )
1
(c5 + c6 Q̇ )

2

(10)

(11)

where c1 ,. . ., c6 are some system-speciﬁc constants.
In general, these bounds are not likely to be observed in real
systems: The upper bound represents a perfectly distributed load
(i.e. all terminal units having the same load) and the lower bound
represents a perfectly concentrated load (i.e. the full building load
in a single terminal unit). The two curves approach each other as
the thermal load approaches zero (i.e. all valves closed) and as the
load approaches the maximum (i.e. all valves open).
3.2.2.1. Projecting system hydraulic behavior. To project the
hydraulic behavior of the system, the upper bound and lower bound
functions were estimated for the pre-retroﬁt system and each of the
post-retroﬁt states by nonlinear regression of the monitoring data.
System hydraulic behavior was analyzed at one-minute time steps;
however, due to the previously noted uncertainty in the thermal
load at such high resolution, subsets of k-value data were used to
estimate Eqs. 9 and 10. The computed loads were allocated to bins
in 5 kW increments. The upper 5% of k-values in each bin was used
to ﬁt Eq. (10), and the lower 5% of k-values was used to ﬁt Eq. (11).
Only time steps with loads above 100 kW were used because (1)
k-values near the upper bound are not expected at low loads and
(2) the only system behavior projections needed were for cooling
loads above 371 kW and space heating loads above 555 kW.
3.2.2.2. Projecting pump power. To compute the estimated pump
power at the projected loads, relationships between pump power
and k-value were necessary. While the hydraulic system behavior
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is affected by the presence of PICVs, the pump itself responds to
the overall system pressure differential. As such, for the purposes
of determining the relationship between pump power and k-value,
the constant speed post-retroﬁt states (C and D) can be grouped
together and the variable speed post-retroﬁt states (A and B) can
be grouped together.3
A statistical approach was used to estimate the pump power at
low k-values. For all scenarios, the projected values of k are less than
10−4 (and generally signiﬁcantly lower) for the projected loads;
therefore, only time steps with k-values less than 10−4 were used in
developing functions to project pump power. A general decreasing
exponential function was used for constant speed pump power,
Ppump,const , as a function of k:
Ppump,const = ␦ ∗ e−m∗k

(12)

where ı and m are the constants found through nonlinear regression.
Although ﬁtting Eq. (12) to the data is a purely statistical
approach, the results of the nonlinear regressions show good agreement with the data and little deviation from the trends seen in
the load range covered by the pre- and post-retroﬁt monitoring
periods.
For each pre- and post-retroﬁt state, x, a function for the projected k-value, kproj,x , is used to compute the projected pump
power, Pdist,proj,x (kproj,x ), by Eq. (12). A weighting factor, rx , that
relates kproj,x to klower,x and kupper,x is computed for each state such
that the pump power draw at the transition point thermal load,Q̇TP ,
is continuous when using the function for projected pump power
and using Eq. (6) or (8) per the analysis described in Section 3.2.1.:
kproj,x = rx kupper,x + (1 − rx ) klower,x

(13)

such that:
Ppump,const = ∗e−m*k

(14)

4. Results
After monitoring the pre- and post-retroﬁt systems described in
Section 3.1, the chilled water and hot water systems were analyzed
per Section 3.2.
4.1. Chilled water
Fig. 3 shows the hourly cooling load time series over the complete monitoring period, from September 2014 to February 2016.
The expected seasonal variation is clear with the peak of 718 kW in
the summer (July 29, 2015 at 4pm) and the minimum of 12.7 kW in
the winter (January 23, 2016 at 5pm). Fig. 3 includes a line showing
the smoothed conditional mean of the time series computed using
a general additive model via the R package “ggplot2” [45].
Due to the timing of the monitoring equipment installation and
the retroﬁt, no pre- or post-retroﬁt monitoring occurred in the
peak cooling season (mid-summer). The maximum cooling loads
recorded pre-retroﬁt and post-retroﬁt were approximately 400 kW
and 450 kW, respectively. The post-retroﬁt building operated in the
four states described in Table 1.
A cumulative distribution of the cooling loads observed during
the one-year period from September 1, 2014 to August 31, 2015 is
shown in Fig. 4(a); the cooling load distribution indicates that most
cooling loads are signiﬁcantly less than the peak cooling load. The
maximum cooling load captured for the pre-retroﬁt period and all
post-retroﬁt states was 371 kW. Cooling loads less than or equal

3
This applies only to the ChW system; all post-retroﬁt HW scenarios include the
PICVs.

to 371 kW constitute more than 84% of the full cooling load time
series shown in Fig. 3. The effect of this limitation on the cumulative
distribution of cooling loads is shown in Fig. 4(b) for each state.
4.1.1. System hydraulics
The chilled water ﬂow rate in the secondary loop varies signiﬁcantly with load and is highly dependent on the system
conﬁguration state, as shown in Fig. 5. With the VFDs in operation (States A and B), the chilled water ﬂow rate generally reduces
to less than 40% of the water ﬂow rate required to meet the same
hourly cooling load with the pump operating at a constant speed
(States C and D).
The differential pressure of the pump varies with the water ﬂow
rate as seen in Fig. 6. For constant speed operation, the pressure
follows an approximately inverse quadratic relationship with the
water ﬂow rate. The pressure differential with VFDs in operation
is signiﬁcantly lower and increases with increasing water ﬂow rate
according to an approximately quadratic relationship. The difference between the pump curves of the pre-retroﬁt and post-retroﬁt
pumps is due to the reduction in pump size.
4.1.2. Air handling units
The AHUs were monitored and analyzed to evaluate the PICV
effects. Comparing the constant speed pump scenarios using Fig. 7,
the linear trend of ﬂow vs. valve opening of the PICV (State C) is clear
and the excessive ﬂow of the existing pressure-dependent valves
(State D) is eliminated. With the VFD in operation, the resulting
lower system pressure causes lower local water ﬂow rates. Below
60% valve opening, the ﬂow with the existing valve (State B) is
very low and does not vary with the signal. The PICV’s mechanical response to differential pressure (State A) allows ﬂow to the
AHU before plateauing when the system pressure is no longer sufﬁcient to maintain the needed pressure differential across the PICV.
At valve opening signals above approximately 75%, the AHU ﬂow is
the same with and without PICVs.
For the more simple two-way valve at AHU-3, Fig. 8 shows the
cooling coil water temperature differential improves with PICVs
in both constant speed pump operation (State C vs. State D) and
variable speed pump operation (State A vs. State B). A higher
water temperature differential at a particular cooling load indicates
higher heat transfer efﬁciency. As the AHU-3 valve does not have
modulating control between fully open and fully closed positions,
the relationship between temperature differential and load for each
state was used to compare the pressure-independent mechanical
response of the PICV to the pressure-dependent response of the
original valve. The higher temperature differential for the PICV scenarios for cases both with and without VFDs in operation indicates
improved efﬁciency of the AHU.
4.1.3. Distribution/secondary pump power
The variable speed scenarios (States A and B) require signiﬁcantly less electricity to operate the pumps than the constant speed
scenarios (“Pre-Retroﬁt” and States C and D). This effect can be seen
in Fig. 9, which shows the hourly average pump electric power vs.
hourly average cooling load. Though more modest than the VFD
effects, electricity usage of the smaller replacement pump is clearly
lower than that of the larger original pump.
“PICV” indicates PICVs on 28% of the building’s total design ChW
ﬂow rate.
To project pump power beyond the cooling load range for which
monitoring data was collected, the hydraulic system behavior for
each state was ﬁrst projected as described in Section 3.2.2.1. The
pump power required to circulate ﬂow in these projected system
conﬁgurations was then computer as described in Section 3.2.2.2.
Fig. 10 shows the overall functions of chilled water distribution
pumping power for each scenario. As in the initial analysis of the
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Fig. 3. Hourly cooling load time series.

Fig. 4. Cumulative distribution of hourly cooling loads for (a) the full time period September 2014–August 2015 and (b) different states of operation and system conﬁguration.
Vertical line indicates maximum cooling load in pre- and post-retroﬁt monitoring periods.

monitoring data (Fig. 7), the effect of the replacement pump (State
D vs. Pre-Retroﬁt) is clear. The PICVs further reduce pumping power
(State C vs. State D); the larger effect at high cooling loads is likely
due to the PICV limiting AHU water ﬂow with constant speed pump
operation. The VFDs have the most signiﬁcant effect of all interventions (States A and B), with the most pronounced impact in the
midrange cooling loads. The crossing of projections for States A and

B at approximately 450 kW cooling load could be explained by the
PICV allowing more water ﬂow (though still below the design ﬂow)
with the VFDs in operation than the existing control valve at high
cooling loads; at lower cooling loads, which occur much more frequently, the pumping power is slightly less with PICVs (State A)
than without (State B).
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Fig. 5. Post-retroﬁt chilled water ﬂow in the secondary loop with states indicated.

Fig. 6. Differential pressure of pump with varying water ﬂow rate; each state indicated.

The purpose of the pump power projection method described in
Section 3.2.2 was to estimate expected values from the regression

approach of Section 3.2.1 had monitoring data been available for the
full range of cooling loads. As such, the total distribution pumping
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Fig. 7. AHU-1 chilled water ﬂow rate vs. valve opening%.

Fig. 8. AHU-3 cooling coil temperature differential vs. AHU cooling load.

energy to meet cooling loads between 300 kW and 371 kW was
projected using the monitoring data from cooling loads less than

300 kW and the methodology of Section 3.2.2 and compared to the
regression ﬁt. For this cooling load range, the difference in the total
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Fig. 9. Chilled water secondary/distribution loop hourly average pump power vs. hourly average cooling load.

Fig. 10. Average hourly pump electric power draw estimates vs. cooling load. “PICV” indicates PICVs on 28% of the building’s total design ChW ﬂow rate.

pumping energy computed using the two approaches was within
1.6% for all states using this approach.

4.1.4. Annual cooling system pumping energy
For each state, the expected distribution pumping power was
computed for each time step over the course of the study year

M. Waite et al. / Energy and Buildings 136 (2017) 173–188

183

Fig. 11. Total annual secondary/distribution chilled water pumping energy.

using the appropriate approach from Section 3.2. The power values at each minute were then aggregated to compute the annual
pumping energy required for each scenario; Fig. 11 shows these
results. The annual calculations show very signiﬁcant reductions in
energy usage due to both the replacement pumps and the VFDs;
the impact of the PICVs is also discernable, particularly in the case
with constant speed pumping.

4.1.4.1. Percentages shown represent annual energy savings compared to the pre-retroﬁt energy requirements. “PICV” indicates PICVs
on 28% of the building’s total design ChW ﬂow rate. The power draw of
the new constant speed, constant ﬂow primary pumps necessitated
by the change to a CPVS arrangement was assumed to be constant.
This was conﬁrmed by “spot” measurements made approximately
biweekly during the post-retroﬁt period using a handheld Fluke
multimeter. The average power draw of the primary ChW pump
was 6.3 kW with all values within +/−1.2% of the mean.
The power draw of the constant speed, constant ﬂow was
also assumed to be constant in the pre- and post-retroﬁt periods.
This was conﬁrmed by spot measurements made approximately
biweekly during both the pre- and post-retroﬁt periods. The mean
power draw of the original CW pump was 25.3 kW with all values
within 0.5% of the mean; the mean power draw of the replacement
CW pump was 18.0 kW with all values within 0.7% of the mean. The
CW pumps are the dominant pumping energy demand, and their
reduction in energy use contributes more to overall energy savings
than the combined effects of the CPVS pumps. With all retroﬁts
considered, the total annual cooling pumping energy reduction was
computed to be 36% compared to the original system.

4.2. Hot water system
The hot water system, as analyzed here, includes the primary
hot water loop, the secondary hot water loop for space heating
(HW-SH), and the secondary hot water loop for domestic hot water
(HW-DHW). The post-retroﬁt HW system did not have the same
functionality allowing various post-retroﬁt states as in the ChW
system.

Fig. 12 shows the space heating load time series over the complete monitoring period, from September 2014 to February 2016.
The expected seasonal variation is clear with the peak of 691 kW in
the winter (January 8, 2015 at 6am) and the minimum of 9 kW in
the summer (June 10, 2015 at 1pm).
4.2.1. Hot water distribution pumping
With the oversized original pumps in place during the preretroﬁt period, P-5 served both the secondary HW-SH and
HW-DHW loops. In the post-retroﬁt period, separate pumps serve
the HW-SH secondary loop (P-4) and the HW-DHW secondary loop
(P-5). Fig. 13 shows the hourly pump power for the pump serving
the space heating load vs. the hourly space heating load. A very
signiﬁcant reduction in pumping power is observed, with the variable speed pump power steadily increasing with increasing space
heating load.
4.2.1.1. Pre-retroﬁt pump serves both HW-SH and HW-DHW.
Although both the pre-retroﬁt and post-retroﬁt monitoring periods
captured the peak winter heating condition, lower space heating demands due to higher winter temperatures during winter
2015–2016 resulted in a peak space heating demand of 555 kW
(compared to 691 kW during the September 2014 to August 2015
period of interest for annual energy calculations). The pump power
projection approach described in Section 3.2 was employed to
project pump power requirements for the post-retroﬁt space heating loads between the 555 kW peak post-retroﬁt space heating load
and the 691 kW peak overall space heating load. The dominance of
the VFD effects on energy savings remains clear as the heating load
increases; however, the replacement pumps likely remain significantly oversized as the electric power draw of P-4 remains low
throughout the space heating load range.
The electric power draw of the HW-DHW post-retroﬁt pump
(P-5) ﬂuctuates as the PICVs respond to the thermostat control
described in Section 3.1.2. Due to a lack of existing temperature
sensor taps on the HW-DHW loops, it was not possible to develop
thermal load time series for the two HW-DHW loops as was done
for the ChW and HW-SH distribution loops. However, no discernable seasonal or diurnal patterns were observed in the pump power
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Fig. 12. Hourly space heating load time series.

Fig. 13. Average hourly distribution/secondary loop pump electric power for space heating hot water distribution.
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draw to serve these loads. As such, the average electric power draw
of P-5, 0.84 kW, was used in computing the total annual electricity for secondary HW pumping. The total annual secondary HW
pumping energy reduction (85%) is less than that of the ChW system; this is primarily due to the use of two secondary HW pumps
in the post-retroﬁt HW system compared to one secondary pump
in the pre-retroﬁt HW system and in the ChW system.
The power draw of the constant speed/constant ﬂow primary
HW pumps was assumed to be constant. The average power draw of
approximately biweekly spot measurements of the original chillerheater HW pump (either P-11 or P-12) was 6.6 kW with all values
within 3.1% of the mean; the average power draw of the replacement chiller-heater HW pump was 7.0 kW with all values within
2.2% of the mean. In the pre-retroﬁt period, all three boiler HW
pumps (P-13, P-14 and P-15) operated with average power draw
of 2.0 kW, 1.7 kW and 1.6 kW; all readings were within 3.3%, 2.7%
and 4.2%, respectively, of these values. The average power draw of
the single replacement boiler HW pump that operated in the postretroﬁt period was 2.5 kW with all values recorded at this value.
Therefore, the total pre-retroﬁt primary HW pump electricity draw
was assumed to be a constant 11.9 kW and the total post-retroﬁt
primary HW pump electricity draw was assumed to be a constant
9.5 kW.
4.3. Total central plant pumping energy
All central plant pumping energy was aggregated for the preand post-retroﬁt (ChW State A) conditions. Fig. 14 shows the
41% reduction in total central plant pumping energy. The largest
contributors to the energy reduction are the pumping electricity
savings from, in order: (1) Secondary/distribution ChW, (2) secondary HW, (3) condenser water, and (4) primary HW. (All values
represented in Fig. 14 are included in Appendix Table A3)
The total annual central plant pumping energy of the original
system, 537 MWh, represents 55.4% of the 967 MWh total ownermetered electricity during the year of interest. The 221 MWh
decrease in the post-retroﬁt system’s electricity usage reduces the
total owner-metered electricity usage by 22.8%. Using the building’s current blended electricity price of $161.5 per MWh, the
annual owner-metered natural gas usage of 12,974 GJ (123,000
therms) and the building’s current natural gas price of $10.71/GJ
($1.13 per therm), the approximately $36,000 reduction in annual
central plant pumping electricity costs represents a 12.1% reduction
in all owner-paid energy costs for the building.
5. Discussion
To date, variable ﬂow control in hydronic HVAC systems has
been more focused on commercial buildings than on residential
buildings. However, multifamily buildings dominate the current
growth in U.S. building ﬂoor area with increased concentration in
large buildings. Further, increased urbanization and the prevalence
of mixed use buildings in dense urban areas warrants increased
focus on this building type.
Individual energy conservation technologies generally are part
of larger integrated building systems; oftentimes, they exhibit
energy savings at part-load operation, when the actual system
loads are not at their peak conditions. Evaluating these technologies within operating systems can give a better understanding of
their effects on overall building energy usage than can standard
laboratory efﬁciency tests. Of particular interest are buildings with
highly variable cooling and heating loads that maintain a relatively
low level of constant year-round demand.
In this study, the performance of hydronic heating and cooling distribution systems typical of those found in urban mixed use,
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multifamily residential buildings were investigated and the impact
of a suite of energy conservation measures (ECMs) on those systems
was evaluated. In the original building, the central plant pumping equipment was found to be responsible for 55% of total annual
owner-metered electricity usage and 29% of all annual owner-paid
utility bills (including electricity and natural gas charges).
Oversized pumps were found to cause unnecessarily high pressure differentials and ﬂow rates in the system. At the AHUs for
which detailed monitoring was performed, excessive ﬂow and low
temperature differentials (“low T”) were observed across the
coils, implying potential for both system-wide component degradation and low heat transfer efﬁciency at the terminal units.
The use of pressure-independent control valves (PICVs), which
respond to pressure changes in the system to maintain the desired
water ﬂow at terminal units, eliminated overﬂow conditions and
improved T at the monitored AHUs. Only a subset of terminal
units, representing 28% of the building’s peak design ChW ﬂow, was
outﬁtted with PICVs in the post-retroﬁt monitoring period. The use
of PICVs in these units exhibited small yet signiﬁcant reductions
in annual secondary pumping electricity estimates (4%) compared
to the post-retroﬁt constant speed pump operation without PICVs.
Similar improvements in ﬂow control and T would be likely if
PICVs were to be installed at additional units; however, the energy
effects cannot be extrapolated to a scenario of full PICV deployment
given the highly nonlinear response within a complex system.
When used in conjunction with VFDs, the opposite water ﬂow
effects were observed at the major AHUs compared to the constant
speed pump scenarios: With VFDs in operation, the original control valves were unable to provide the necessary water ﬂow rate at
all valve settings. While the PICVs also provided lower-than-design
ﬂows at higher valve open settings, water ﬂow rates were signiﬁcantly higher than for the original valves at low and midrange valve
settings.
The pumping electricity reduction with VFDs was far more signiﬁcant than the effects of other ECMs: Annual replacement ChW
distribution pump electricity was 92% lower with VFDs than without. When comparing the combined effects of the replacement
pumps and the VFDs, the ChW distribution pumping electricity
reduction was 95%. At the low cooling loads that dominate the
building system’s demand proﬁle, the PICVs further reduced pumping electricity requirements. In aggregate, though the total annual
electricity usage was also very low in the replacement pump-VFD
scenario (6.4 MWh), the replacement pump-VFD-PICV scenario
needs slightly less annual electricity (6.0 MWh).
Although less detailed monitoring was performed on the hot
water (HW) secondary loops for space heating (HW-SH) and
domestic hot water (HW-DHW) than on the ChW system, similar results were observed. The overall ECM package (replacement
pumps, VFDs, and PICVs at select AHUs and all DHW storage water
heaters) resulted in an estimated annual pumping electricity savings of 85%, despite the need for two secondary loop pumps (one
for HW-SH and one for HW-DHW) in the post-retroﬁt building
compared to one pump in the original building system.
Even at high cooling and heating loads, the electricity reduction is more than 50% compared to constant speed pumps. This
implies that VFDs are beneﬁcial regardless of a building’s load proﬁle, though they will show the most improvement in buildings with
extended periods of low, non-zero cooling or heating loads.
As is typical of central hydronic systems, the study building
also included several constant speed, constant ﬂow pumps, though
with smaller and/or more efﬁcient post-retroﬁt pumps. The nameplate efﬁciency of the pumps is not the only consideration: Properly
sized and selected pumps are more likely to operate near their best
efﬁciency point. The most signiﬁcant reduction in constant speed,
constant ﬂow pump savings was observed in the condenser water
pumping: The oversized original pump − providing 2.39 bar dif-
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Fig. 14. Total annual central plant system pumping energy and post-retroﬁt savings.

ferential pressure (80 ft head) at the 0.0704 m3 /s design ﬂow rate
with a 22.4 kW (30 hp) motor − was replaced with a smaller pump
better suited for the load, providing 1.94 bar differential pressure
1.94 bar (65 ft head) at the design ﬂow rate with a 18.6 kW (25 hp)
motor. This resulted in a 27% reduction in constant electric power
draw for the largest pumps in the system.
The improperly-sized original chiller-heater HW pumps necessitated that all three of these pumps operate at all times, whereas
the upgraded replacement pumps allowed the loads to be met with
one pump that provided more head. This resulted in a 20% reduction
in constant electric power draw for this service. The original boiler
HW pumps were replaced with higher efﬁciency pumps that provided more head, resulting in a slight increase in constant electric
power draw.
The change in the ChW system from a constant primary only
(CPO) to a constant primary/variable secondary (CPVS) system
necessitated the addition of primary ChW pumps with one running continuously. Total annual ChW pumping energy decreases
post-retroﬁt only if the VFD is in operation due to the additional
electricity required to operate the primary pumps.
According to the computed annual electricity usage for all central pumping equipment, the overall retroﬁt described in this paper
resulted in a 41% improvement in pumping energy requirements
(23% of all owner-metered electricity usage). Assuming the current
building’s utility rates for electricity and natural gas, an estimated
annual energy savings of approximately 12% of all owner-paid
energy bills was computed.
Investigating the individual contributions of system elements
and inefﬁciencies, it was found that the oversizing of the pump has
the greatest effect on unnecessarily high power draw requirements,
even at the peak cooling load. This is the basis for energy savings
associated with VFDs. However, equipment performance and partload operation alone do not sufﬁciently capture the inefﬁciency in
the overall building system; additional research is needed to determine the potential for decreases in thermal load to keep occupants
comfortable and the most energy efﬁcient means of delivering this
service.
Focusing on the electricity usage of hydraulic equipment in
hydronic HVAC systems has potential further beneﬁts in reducing

energy usage and greenhouse gas (GHG) emissions. By integrating
pumps into a control system with communication capabilities, the
signiﬁcant decreases in electricity requirements associated with
the VFD controls could provide opportunities for demand management (DM) services and integration with intermittent renewable
energy sources, such as wind and solar.

6. Conclusions
This paper describes an investigation of the pumping requirements of a central plant providing cooling, heating and domestic
hot water services for a high-rise mixed use, primarily multifamily
residential building in New York, NY. The energy impact of various modiﬁcations to the waterside components and operation of
the hydronic systems were evaluated through a combination of
statistical and engineering analytical approaches.
In the U.S., the growth in multi-family buildings is far outpacing
single-family construction, and the size of multifamily buildings
themselves is increasing. Determining the electricity requirements
for pumping in hydronic systems has been identiﬁed as a research
gap by the U.S. Department of Energy. All central pumping equipment in the original building system used an estimated 537 MWh
electricity in the one-year time period studied, 29% of all annual
owner-paid utility bills.
The retroﬁt resulted in a computed annual electricity usage of
316 MWh, a 41% improvement in pumping energy requirements
and 12% reduction in all owner-paid energy bills were computed.
This indicates very signiﬁcant energy savings are possible in multifamily building heating and cooling systems even absent thermal
envelope improvements or increased efﬁciency of the heat transfer
equipment (e.g. boilers, chillers and terminal units).
VFDs were found to have by far the most signiﬁcant impact on
annual energy usage, providing a 92% reduction in chilled water
(ChW) secondary pumping energy. Even with the smaller replacement secondary loop pumps, VFD speeds remained low at higher
heating and cooling loads. Because of the oversizing commonplace
in the industry, systems essentially always operate at part-load.
Given this context, we expect signiﬁcant energy reduction poten-
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tial from installing VFDs on constant ﬂow pumps in addition to
those serving variable loads.
This study further illustrates that replacing constant speed
pumps with more appropriately sized equipment can signiﬁcantly
reduce their energy usage. Replacing the constant speed, constant
ﬂow primary HW and condenser water (CW) pumps provided estimated annual electricity savings of 20% in primary HW pumping
and 29% in CW pumping.
Further research using targeted monitoring and the hydronic
system characterization approach and analytical methods in this
paper would be beneﬁcial to a fast-growing energy demand of
interest to industry and policymakers. This should include investigating a cross-section of buildings using different monitoring
period lengths and time resolutions with the goal of identifying
the accuracy of predictive methods from relatively short monitoring periods. Investigating the effects of similar systems in buildings
of different heights would also inform future research.
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Appendix.

Table A1
Summary of air handling unit information.
AHU

Area Served

1
2
3
4
5
6
7
8
9
10
11
12

Chilled Water

Residential Corridors
Residential Lobby
Commercial C
Residential Gym
Commercial A
Commercial A
Commercial A
Commercial A
Commercial B
Commercial B
Commercial B
Commercial B

Hot Water

Design Flow (m3 /h)

Valve Control

Design Flow (m3 /h)

Valve Control

6.4
9.0
3.5
5.11
19.0
0.8
1.8
1.2
1.1
5.5
2.8
2.2

Modulating
Modulating
Two-way
Two-way
Modulating
None/Open
Two-way
None/Open
Modulating
Two-way
Two-way
Two-way

4.6
4.19
1.7
2.8
6.03
N/A
N/A
N/A
0.7
3.5
1.7
1.4

Modulating
Modulating
Two-way
Two-way
Modulating
None/Open
Two-way
None/Open
Two-way
Two-way
Two-way
Two-way

Table A2
Summary of original and retroﬁt pumps information.
Pump

Original Pump Ratings/Characteristics
3

P-1
P-2
P-3
P-4
P-5
P-6
P-7
P-8
P-10
P-11
P-12
P-13
P-14
P-15
P-16
P-17

Replacement Pump Ratings/Characteristics

Flow (m /h)

Pressure (bar)

Motor kW

Pump eff. (%)

Flow (m3 /h)

Pressure (bar)

Motor kW

Pump eff. (%)

137
137
137
96.6
96.6
257
257
257
110
110
110
33.8
33.8
33.8
–
–

2.99
2.99
2.99
2.99
2.09
2.4
2.4
2.4
1.0
1.0
1.0
0.90
0.90
0.90
–
–

14.9
14.9
14.9
14.9
11.2
22.4
22.4
22.4
7.5
7.5
7.5
1.5
1.5
1.5
–
–

87.0
87.0
87.0
78.8
77.5
84.2
84.2
84.2
63.7
63.7
63.7
72.4
72.4
72.4
–
–

137
137
137
96.6
96.6
258
258
258
110
110
110
34.5
34.5
34.5
137
137

2.2
2.2
2.2
2.2
2.2
1.9
1.9
1.9
1.3
1.3
1.3
1.2
1.2
1.2
1.2
1.2

11.2
11.2
11.2
11.2
11.2
18.6
18.6
18.6
7.5
7.5
7.5
2.2
2.2
2.2
7.5
7.5

84.4
84.4
84.4
82.2
82.2
88.0
88.0
88.0
74.6
74.6
74.6
73.6
73.6
73.6
81.0
81.0

Table A3
Total annual pumping energy estimates for each scenario (all values MWh).
Scenario

Cooling System Pumping

Heating System Pumping

Total System Pumping

Chilled Water

Pre-Retroﬁt
State A
State B
State C
State D

1◦

2◦

Total

Condenser Water

Total

1◦

2◦

–
55.2
55.2
55.2
55.2

121
5.98
6.42
78.1
81.4

121
61.2
61.6
133
137

222
158
158
158
158

324
218
218
279
282

104
83.4
83.4
83.4
83.4

90.5
13.9
–
–
–

537
316
–
–
–
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