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ABSTRACT  
We compared the energy simulations of a Net Zero Energy office building at the design stage to its energy consumption during operation. The office 
building was located near San Francisco, California. This comparison was difficult because the simulations used different classifications than were used to 
for collection through sub-metering.   Overall, actual net energy use was 47% higher than simulations, while actual HVAC and lighting energy uses were 
lower than simulation by 91% and 66% respectively. Actual plug energy use was more than 1800% higher than simulations because part of the 
HVAC was included in plug energy measurements and the predicted value of the plug energy in the simulations was relatively low. Water heating energy 
disappeared as a separate, measurable end use and was subsumed within plug energy because decentralized, plug-in units replaced a single, central unit.   

INTRODUCTION 

Policies Promoting Net Zero Energy Buildings in California and Japan 

The State of California has a goal to make 100 % of the new homes Net Zero Energy (hereinafter NZE) in 2020 
and to make 50% of the existing non-residential buildings and 100 % of new non-residential buildings NZE in 2030 
(CPUC, 2008).  California’s building code applying to energy use is called “Title 24”.  The code allows both a 
prescriptive approach and a performance approach. When one chooses the performance approach, one must confirm 
by energy simulation that the annual energy use of the proposed building (hereinafter, Designed Value) is below an 
energy budget roughly equal to the annual energy use based on the prescriptive approach (hereinafter, Benchmark).  
The Prescriptive approach in Title 24 is based on ASHRAE 90.1. Since ASHRAE 90.1 gets stricter with each revision, 
the Benchmark value also gets smaller. This correspondence is shown in Fig. 1. These successive reductions in Title 
24 bring California gradually closer to its goal of NZE buildings.  There were at least 225 NZE projects of non-
residential and apartment houses in North America in 2015. Among them, California has 70 case studies, which is the 
largest number in North America as shown in Fig. 2.  

Japan has NZE goals similar to those in California and its experience offers a different perspective on Title 24 
and NZE policies as a whole.  Japan’s counterpart to California’s Title 24 is the Energy Conservation Act.  The Act 
has been in existence for many years but it shifted to a primary energy use baseline in 2013 (MLIT, 2014) and only 
then became consistent with California. In the standard, a building’s primary energy use is calculated by energy 
simulation. The designer must confirm that the proposed building’s primary energy consumption, based on the design 



specification, is below the baseline of 2013 (BRI, 2014). The Japanese government approved a Strategic Energy Plan 
only in 2014 (METI, 2014), several years after California.  Nevertheless, Japan aims to achieve NZE levels for public 
buildings in 2020 and for all new buildings in 2030.  It is not surprising then that there were only 21 ZNE commercial 
building projects in 2015 (Yoon, 2015). 

Even though California and Japan have similar procedures to demonstrate compliance with energy-saving 
regulations,   California leads Japan in adoption of NZE commercial buildings.  Thus, California’s experiences can 
help Japan improve its own NZE policies.  The data also illustrate the importance of building codes. 
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*1 Based on 8 types (office, retail, education, health care, 
accommodation, warehouses, restaurants, housing), 
225 ‐ 240 simulations (PNNL, 2014b)(PNNL, 2011a, 2011b)

*2 Based on 3 types (large office, small office, grocery), 
3 simulations (Architects consultants, 2014a, 2014b, 2015)

Benchmark of site energy use for new building 
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Figure 1 Changes in the Estimated Average Benchmark of Non-Residential and Apartment House in 

ASHRAE90.1(PNNL, 2014a)  
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Figure 2 NZE Commercial and Apartment Projects in North America (NBI, 2015a, 2015b) 

Previous research and purpose of this study 

In earlier NZE-oriented buildings, the primary targets of energy-saving designs and measurements were HVAC 
and lighting (Ogawa et al, 2012) (Li and Ooka, 2014).   Techniques to improve precision of simulation in HVAC 
energy use were also proposed and demonstrated. For example, a parameter estimation model could improve the 
precision of a heat-pump model in the existing heat pump system (Salvalai, 2012).  At the same time, measurements 
revealed that the fraction of plug loads and “other” increased in NZE buildings  (Kusano et al, 2011).   Torcellini et al. 
(2015) proposed using a plug load worksheet as a means of better predicting (and reducing) plug load energy use.    

In order to achieve ZNE targets, design simulations must accurately reflect plug loads and “other” uses (Kasuya 
et al. 2011) (Shindo et al, 2014) (Kumagai et al, 2015).  Later, during the operating phase, a realistic simulation is 
needed to facilitate commissioning and identify anomalous behavior.   Researchers sometimes recognized 
discrepancies between simulated energy use and actual use but did not investigate the reasons. For example, Kajiyama 



et al. (2016) observed the discrepancy in a NZE office building’s energy use between the simulation and its first-year 
energy use, but relegated a detailed exploration to a future task.    This task might be easier, and the results more 
accurate, in the future if a dynamic energy simulation is employed.   Christensen et al. (2013) described one approach.  
In summary, comparisons between design simulations of NZE buildings and field measurements of actual 
performance are rare, especially to the detail of specific end uses. These comparisons are particularly important for 
NZE buildings because the buildings often employ state-of-the-art technologies coupled with equally new simulation 
tools.  

This study sought to identify differences between energy simulation at the design stage and energy measurements 
at the operation stage in order to achieve net zero performance.  Understanding these differences will enable 
adjustments in design assumptions and, ultimately, better performing buildings. An NZE office building located near 
San Francisco, California, was selected as a case study.  The energy use breakdowns and assumptions derived from the 
energy simulation at the design stage and the actual value were compared. The findings are discussed in the context of 
NZE design, operation, and evaluation in both Japan and California.  

OUTLINE OF THE CASE STUDY BUILDING 

The case study was the “D” building, located in Fremont,  California. The building’s key features are listed in 
Table 1. It was completed in October 2015 and this study began 6 months later. Total floor area was 172,405 ft2 

(16,017 ㎡), which makes it among the largest NZE buildings in California. This building received a LEED Platinum 
rating and was designed to achieve NZE. Energy related facilities included photovoltaics, battery, geothermal air 
conditioning system, LED lighting and so on. All heating sources were electrical. 

Table 1.   Outline of the Case Study Building 
Item Value Energy Related Facilities 

Name / Location D Building/ Fremont, California Photovoltaics 616kW 
Battery 50kW 
Geothermal Air Conditioning System 
Raised Floor Air Conditioning 
System 
Radiant Air Conditioning System 
Electrical Heat Source 
Heat Pump 
LED Lighting 
BMS 

Type Office (76%), Warehouse (22%), Multi-purpose (2%) 
Completion October 2015 
Total Floor Area 172,405 ft2 (16,017 ㎡) 
Floors/Structure Three / Steel 
Environmental Performance LEED NC Platinum / Planned NZE 
Tools Title 24: 2008, Energy Simulation: Energy Pro 
Number of Workers 500 people (Plan), 175 (Actual Value, March 2016) 

COMPARISON METHOD 

Cases to compare 

Four different breakdowns of energy use were compared. Table 2 shows the four cases and how the data were 
obtained in each case.  Table 2 also includes corresponding data in Japan for reference.  

"A. Existing Buildings" means the average energy use breakdown in existing buildings based on the past survey 
results. (Itron, 2006) "B. Benchmark" is the energy use breakdown reference value in new buildings defined by Title 
24, which is based on energy simulation result at the design stage. "C. Designed Value" means the planned energy use 
breakdown in the case study building, which is based on energy simulations at the design stage. "D. Actual Value" is 
the actual energy use breakdown in the case study building. These data were obtained from the Building Management 
System (BMS).  

Comparison method and purpose 

 



Four relevant milestones of energy performance were identified, that is, existing buildings, the benchmark, the 
designed value, and the actual value.  These four milestones enabled three comparisons and estimates of savings. The 
comparisons are shown in Figure 3. Note that electricity contribution from photovoltaic system is shown as energy 
production, that is, a positive value on the chart. The comparisons were expressed in terms of site energy because the 
building consumed only electricity. The data were acquired from November 2015 to October 2016. 

Comparison Ⅰ “A. Existing Buildings” and “B. Benchmark”. The amount of energy savings comparing “B. 
Benchmark” with a survey of existing buildings was estimated, as shown in Fig. 1. However, the amount of energy 
savings when compared with the current existing buildings wasn’t estimated. Therefore, problems of energy 
simulation for “B. Benchmark” were discussed by comparing the energy use in each category and on the whole 
between “A. Existing Buildings” and “B. Benchmark”. 

Comparison Ⅱ “B. Benchmark” and “C. Designed Value”. In Title 24, the annual energy use of “C. 
Designed Value” is required to be lower than that of “B. Benchmark”. Here, the total annual energy use was 
compared because that is the definition of successful NZE operation.  The energy saving attributed to each end use 
was estimated by comparing the energy use in each category between “B. Benchmark” and “C. Designed Value”. 

Comparison Ⅲ “C. Designed Value” and “D. Actual Value”. This is a comparison between the building’s 
energy use as designed to what was measured. Important uncertainties arise at two points here. First, to achieve NZE, 
it is necessary to match both the categories of energy use breakdown between the energy simulation and energy 
measurements and to perform energy simulation accurately. At the same time, the building manager must be vigiliant 
to keep consumption in each end use within expected values.     Other factors, such as change in schedules, reduced 
occupancy and unexpected loads (such as more electric vehicles re-charging), can also impact this comparison. 

Energy
Production 

Energy
Consumption

Comparison Ⅰ Comparison Ⅱ Comparison Ⅲ

Photovoltaics
Others
Plug
Water Heating
HVAC
Lighting
Net Energy*

Note

*1 Net energy is 
the sum of the 
annual energy 
consumption 
and production.

A. Existing Buildings      B. Benchmark          C. Designed Value      D. Actual Value
Comparison Cases

←

0→

Figure 3 Comparison Method of Energy Use Breakdown 

COMPARISON RESULTS AND DISCUSSION 

The results of the comparisons are discussed below. Table 3 and Figure 5 show the three comparisons of annual 
energy use broken down into major end uses.   The differences for each of the comparisons are expressed in %. 

Table 2.   Cases to Compare 

Case Definition 
Procedure to Obtain the 

Data 
【Reference】Data 
Examples in Japan 

A Existing Buildings Average energy use breakdown in 
existing buildings 

Past survey results.  
(Itron, 2006) 

Past survey results 
(JSBC, 2016） 

B Benchmark Energy use breakdown in the 
benchmark for the new buildings 

Energy simulation result at the 
design stage based on Title 24 

Energy simulation result at 
the design stage based on 
the Energy Conservation 
Act C Designed Value 

Predicted energy use breakdown in 
the case study building based on 
code-compliance simulation 

D Actual Value 
Actual energy use breakdown in the 
case study building based on 
measurements 

Data from Building 
Management System 

Data from Building 
Management System 



Comparison Ⅰ “A. Existing Buildings” and ”B. Benchmark” 

Net energy. Net energy use of “B. Benchmark” was 39% smaller than that of “A. Existing Buildings”. 
Photovoltaics. Energy production by Photovoltaics of “B. Benchmark” was same to that of “A. Existing 

Buildings”, because it wasn’t investigated in “A. Existing Buildings” and it wasn’t calculated in “B. Benchmark”. 
Others. Energy use of “Others” of “B. Benchmark” was 100% smaller than that of “A. Existing Buildings”, 

because this category did not exist in “Others” in ”B. Benchmark”, and because elevators and cooking were included 
in “Plug”, while they were included in “Others” in “A. Existing Buildings”. 

Plug. Even though “Plug” in “B. Benchmark” included more items like elevators and cooking than “A. Existing 
Buildings”, energy use of “Plug” in “B. Benchmark” was 89% smaller than that of “A. Existing Buildings”. 

Water Heating. Energy use of “Water Heating” of “B. Benchmark” was 61% larger than that of “A. Existing 
Buildings”. 

HVAC and Lighting. Energy use of “HVAC” and “Lighting” of “B. Benchmark” was 24% and 29% smaller 
than those of “A. Existing Buildings” respectively.  

This comparison revealed two problems with the energy simulation for “B. Benchmark”. 
1. “Others” and “Plug” should be calculated separately. 
2. The set value of “Plug” and “Water Heating” should be re-examined. 

Comparison Ⅱ”B. Benchmark” and “C. Designed Value” 

Net energy. Net energy of “C. Designed Value” was 88% smaller than that of “B. Benchmark”. 
Photovoltaics. This was calculated only in “C. Designed Value”. 
Others. Energy use of “Others” of “C. Designed Value” was same to that of “B. Benchmark”, because it wasn’t 

calculated in both “C. Designed Value” and “B. Benchmark”. 
Plug. Energy use of “Plug” of “C. Designed Value” was same to that of “B. Benchmark”, because the same set 

value was used according to Title 24. 
Water Heating. Energy use of “Water Heating” in “C. Designed Value” was 2% larger than that of “B. 

Benchmark”. 
HVAC and Lighting. Energy use of “HVAC” and “Lighting” of “C. Designed Value” was 50% and 34% 

smaller than those of “B. Benchmark” respectively. 
In order to achieve NZE performance, the designers principally targeted “Photovoltaics” installation and energy 

saving measures within “HVAC” and “Lighting”.    But the energy use, after excluding “HVAC” and “Lighting”, 
accounted for 85% as shown in Fig.5.  These results suggest that further energy savings can only be achieved by 
addressing “Others”, “Plug” and “Water Heating”. 

Comparison Ⅲ ”C. Designed Value” and “D. Actual Value” 

Net energy. Net energy of “D. Actual Value” was 59% larger than that of “C. Designed Value”. 
Photovoltaics. Energy production by Photovoltaics of “D. Actual Value” was 19% smaller than that of “C. 

Designed Value”. 
Others. Even though the “Others” category was not present in “C. Designed Value”, there was “Others” in ”D. 

Actual Value”, because some of the loads were measured separately from “Plug”. 
Plug. Energy use of “Plug” in “D. Actual Value” was 1847% larger than that of “C. Designed Value”. Some of 

the auxiliary equipment for HVAC was included in “Plug”, because meter position and circuit layout prevented 
separation. Furthermore, “Water Heating” was also included in “Plug”, because decentralized, plug-in units replaced a 
central unit. 

Water Heating. There wasn’t “Water Heating” in “D. Actual Value”, because it was included in “Plug”. 
HVAC. Energy use of “HVAC” of “D. Actual Value” was 91% smaller than that of “C. Designed Value”. But 

since some of the auxiliary equipment for HVAC was included in “Plug”, the reduction ratio was expected to be less 
than 91%. 



Lighting. Energy use of “Lighting” of “D. Actual Value” was 66% smaller than that of “C. Designed Value”. 
This comparison revealed the following problems with the energy simulation for ”C. Designed Value” and the 

energy measurements for “D. Actual Value”. 
1. Greater consistency is needed for the definitions of “Others, “Plug” and “Water Heating” between energy 
simulations for ”C. Designed Value” and energy measurements for “D. Actual Value”. 
2.  In the energy simulation for ”C. Designed Value”, “Others” and “Plug” should be calculated separately and 
the set value of “Plug” should be re-examined. 
3. In the energy measurements for “D. Actual Value”, “Water Heating” and auxiliary equipment for “HVAC” 
should be measured separately from “Plug”. 

Table 3.   Comparison Result of Annual Energy Use Breakdown 

Use unit 

Ratio of Energy Increase or Decrease in Each Use, in % （+：increase、－：decrease） 
Comparison Ⅰ Comparison Ⅱ Comparison Ⅲ 
B. Benchmark 

Compared with 
A. Existing Buildings 

C. Designed Value 
Compared with 
B. Benchmark 

D. Actual Value 
Compared with 

C. Designed Value 
Net Energy % -39 -88  59  
Energy Production 

Photovoltaics % Same Only in C. Designed Value -19  
Energy use 

Others % -100  Same  Only in D. Actual Value 
Plug % -89  Same  1847  

Water Heating % 61  2  -100  
HVAC % -24  -50  -91  

Lighting % -29  -34  -66  
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Figure 5 Annual Energy Use Breakdown in Each Case 

CONCLUSIONS AND RECOMMENDATIONS 

This study sought to clarify the problems of energy simulation at the design stage and energy measurement at the 
operation stage for NZE buildings by comparing energy use breakdowns among them. Based on these comparisons, 
we conclude that present energy simulations and measurement procedures need modifications to achieve greater 
relevance for design, verification, and operation.  The most important modifications are consistency in definitions of 
the major categories of end uses and, in some cases, consolidation of traditional categories. A future task in our case 
study will be a more detailed comparison in each category to clarify how to make the energy simulations more precise. 
This may result in further recommendations.  

 Based on our review of NZE policies in California and Japan, we also recommend the following actions to 
enable more rapid and successful adoption of NZE buildings:  

Recommendations for California 



1. The latest national statistics on the energy use of existing buildings was issued in 2006, that is, over ten years 
ago. This makes it difficult to check the progress of the goal to make 50% existing non-residential buildings 
NZE in 2030. There is a need for a mechanism to track energy use more frequently during this dramatic 
transformation in building energy performance.    
2. Assumptions used in benchmark simulations – such as those in Title 24 or ASHRAE 90.1 –  may need more 
frequent updating, especially for NZE buildings.  In this study, the difference between simulated and measured 
net energy was 59%. 
3. There are no standards for the installation of renewable energy in Title 24 and its underlying ASHRAE90.1. 
In order to achieve the goal of making 100% new non-residential buildings NZE in 2030, more standardized 
calculations may be necessary regarding the installation of renewable energy. 
4. The categories and definitions of energy end uses differ substantially among surveys, Title 24 simulations, and 
those typically captured with a BMS.    This prevents easy use of simulations for management, evaluation, and 
trouble-shooting.  In particular, the categories of “plug” and “others” need more detail definitions and 
descriptions, because these are expected to grow in importance for NZE buildings.  
5. In this NZE building, the measured use of “Water Heating” was much smaller than the existing buildings 
benchmark. On the other hand, the measured use of “Plug” was much higher than the benchmark of existing 
buildings.   It may be necessary to more frequently update the end use assumptions in energy simulations of 
NZE buildings based on surveys of actual energy use.   
For Japan 
1.  Japan has set similar NZE targets to those in California but its codes are not as strict. While Title 24’s 
benchmark will become zero in 2030, the reductions established by Japan’s Energy Conservation Act do not 
assure NZE for the average building in 2030.  A more aggressive reduction may be required.   
2.  When Title 24 is revised, the average energy use of the benchmark is estimated by simulation. This makes it 
possible – in theory – to track progress towards the NZE goal.   In Japan,  updates in the Energy Conservation 
Act don’t include a calculation of primary energy use.  To check NZE progress, every revision of the Energy 
Conservation Act should include a re-calculation of the average primary energy use. 
3.  In the U.S., both official and non-governmental organizations, such as the "New Building Institute" compile 
performance data for NZE buildings.  These compilations allow more transparent tracking and verification of 
actual improvements in building performance and progress towards the goals.  In Japan, no governmental or 
non-governmental organizations compile case studies or track NZE progress. Japan will need an institution to 
track ZNE building performance and dissemination in order to more confidently achieve its 2030 goals.   
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